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PREFACK

Thia report documents the derivation of a set of equations suitable
for estimating the acquisition costs of aircraft airframes in the absence
of detailed design and manufacturing information. In broad form, this
research updates and extends the cost estimating relationships (CERs)
published in RAND Report R-1693-1-PA&E, Parametric Equations for
Estimating Aircraft Airframe Costs, by J. P. Large et al., February 1976,
and used in the RAND aircraft cost model, DAPCA, described in
R-1864-PR, A Computer Model for Estimating Development and Pro-
curement Costs of Aircraft (DAPCA-III), by H. E. Boren, March 1976.
However, it also draws on a number of other studies—RAND and
non-RAND-—for ideas on how the accuracy and reliability of airframe
CERs might be improved.

In the current effort, the A-10, F-15, F-16, F-18, F-101, and $-3 have
been added to the estimating sample;! the explanatory power of vari-
ables describing program structure and airframe construction charac-
teristics is investigated; and the utility of dividing the estimating sam-
ple into subsamples representing major ditferences in aircraft type (e.g.,
fighter, bomber/transpert, and attack aircraft} is examined. Addi-
tionally, for the fighter subsample, the possible benefit of incorporating
an objective technology measure into the equations is investigated.

To address the issue of sample homogeneity, each of the subsampes,
as well as the full sample, had to be invesiigated in detail, with the
ultimate goal of developing a representative sel. of CERs for each. This
report summarizes the results of these individual analyses, Detailed
results are available in a series of four companion RAND Notes:

Aircraft Airframe Cost Estimating Relationships:  All Mission
Types, N-2283/1-AF, by R. W, Hess and H. P. Romanoff,
December 1937,

Aircraft Airframe Cost Estimating Relationships:  Fighters,

N-2283/2-AF, by R. W. Hess and H. P. Romanoff, December
1987,

'Also, the F-85, F-89, nnd ¥iD, which were dropped from the previous estimating
sample (DAPCA-1T), were reintroduced.

i
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Atrcraft Airframe Cost Estimating Relationships: Bombers and
Transports, N-2283/3-AF, by . W. Hess and H. P. Romanoff,

December 1987.

Aircraft Airframe Cost Estimating Relationships: Attack Aircraft,
N-2283/4-AF, by R. W. Hess and H. P. Romanoff, December

1987.

This research was undertaken as part of the Project AIR FORCE
project entitled “Cost Analysis Methods for Air Force Systems,” which
has since been superseded by “Air Force Resource and Financial
Management [ssues for the 1980s” in RAND's Resource Management
Program.

While this report was in preparatiun, Lt, Col. H. P. Romanoff,
USAF, was on duty in the System Sciences Department of The RAND
Corporation. At present, he is with the Directorate of Advanced Pro-
grams in the Office of the Assistant Secretary of the Air Force for

Acquisition.



SUMMARY

This report presents generalized eguations for estimating the
development and production costs of aircraft airframes. It provides
separate cost estimating relationships (CERs) for engineering, tooling,
manufacturing labor, and quality-control hours; manufacturing
material, development support, and flight-test cost; and total program
cost. The CERs, expressed in the form of exponel ;ial equations, were
derived by multiple least-squares regression analysis. They were
derived from a database consisting of 34 military aircraft with first
flight dates ranging from 1948 to 1978. Most of the aircraft technical
data were obtained from either original engineering documents such as
manufacturers’ performance substantiation reports, or from official Air
Force and Navy documents. The cost data were obtained from the air-
frame manufacturers, either directly from their records or indirectly
through standard Department of Defense reports such as the Contrac-
tor Cost Data Reporting system.

The equation set that we feel will most accurately reflect the range
of estimating situations likely to be encountered in the future utilizes
empty weight and speed as the basic size/performance variable combi-
nation. It is bused on a subsample of the full sample consisting of 13
post-1960 aircraft. We concluded that the more limited post-1960
experience would be a better guide to the future than the cumulative
34-aircraft experience dating back to 1948,

Empty weights for the post-1960 sample aircraft range from under
10,000 b to over 300,000 b, while speeds range from 400 kn to over
1,260 kn. The standard errors of estimate of the CERs in the recom-
mended set vary significantly. Four of the CERs (tooling, manufactur-
ing labor, manufacturing material, and total program cost) have stan-
dard errors of about 0.30! (— 26, +36 percent), while three (engineering,
development support, and flight test) have standard errors of about
0.50 (-39, +65 percent) or more. None of the equations meets our
standard-error-of-estimate goal of 0.18 (~16, +20 percent). On the
other hand, the lowest standard evrors of estimate in the set are associ-
ated with tooling, labor, and material—elements that typically account
for 66 to 70 percent of total program cost at an airceaft production
quantity of 100.

IAll standard errors of estimate are originally cxpressed in logarithmic form;
equivalent perceniages of corresponding hour or dollar values are provided in
parentheses.
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The ultimate test of the set’s usefulness will be ite accuracy for
estimating the cost of future aircraft. Unfortunately (from an estimat-
ing point of view), dramatic changes are taking place in airframe
materials (e.g., mote extensive use of composites), design concepts (e.g.,
to increase fuel efficiency and to reduce radar cross sectiun), resources
devoted to system integration (e.g., integration of increasingly sophisti-
cated electronies and armament into the airframe), and manufacturing
techniques (e.g., utilization of computers and robots). And although we
do not have the data to demonstrate it, we believe that the net effect of
these changes will be to increase unit costs. In other words, we see lit-
tle danger that the recommended equation set will overestimate the
costs of future aircraft,

In addition to the basic objective of developing an updated set of air-
frame CERs, this study also examined in some detail the following pos-
gibilities for improving CER accuracy:

o Stratifying the full estimating sample into subsamples
representing major differences in aircraft type.

¢ Incorporating variables describing program structure and air-
frame construction characteristics into the CERs.

o For the fighter aircraft only, incorporating an objective technol-
ogy index inte the equations,

We examined subsamples of aircraft categorized by mission
designation-—fighter, bomber/transport, and attack--to evaluate the
effects of stratification, and we concluded that this approach offers no
particular advantage. In fuct, we were not nble to identify any accept-
able estimating relationships for either the bomber/transport or the
altack aircraft subsamples. For the fighter subsample, the equation set
that we felt was most likely to be representuative of future fighter pro-
grams consisted of a series of simple weight-scaling relationships that
were visually fit to the subset of post-1960 fighters (F-4, F-111, F-14,
F-16, F-15, and F-18). In general, this set of equations will produce
higher estimates than the all-mission-type equation set for relatively
light, “slow” fighters* (e.., the F-16 and F-18) and lower estimates for
relatively heavy, fast fighters (e.g., the F-4, ¥-111, F-14, and F-15).
However, we found that the fighter equation set was only slightly more
accurate overall than the all-mission-lype set, despite its much more
concentrated {ocus,

We concluded that incorporating variables describing program struc-
ture and airframe construction characteristics (at least an we have
defined them) does not. improve the overall quahity of the equation sets.

“Under Mach 2.
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Although variables characterizing the level of system intogralion were
frequently found to be statistically significant, they id not, as a rule,
result in any substantial improvement in the q:ality .f i » equations.
In most cases, the equations incorporating suck v.. - bles did not pro-
duce results that we viewed as credible. Moreovor, even in ti.ose few
instances where the eyuations did produce credible resuits, the r1educ-
tion in the standard error of estimate was never rnore than twn or
three percentage points.

Finally, attempts to incorporate an objective technology index into
the fighter cost estimating relationships were unsuccosaful,
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TESTAC Number of Tight test aircraft

TOOL,, Cumuolative tooling bovrs for 106 atrerafl (Hhousands)

Xl

—



oo -

— -1 o Ot Co

A2
Al
Ad,
Ab.
A8,
Al

A8

FIG

URES

Multivariate technology trend for new fighter designs .. . ..

Speed versus weight of aircra

ft ..o

Number of first-flight events, 1948-1978 . .. .. .. Ce
Total program cost as a function of time . . ... ... ... ...
Typical fighter cluster pattern ... ... ...............
Typical bomber/transport plot pattern . .. . ... ... .. ...

Typieal attack aircraft plot p
Engineering hours per pound
airframe unil weight .. ...

attern ... ... ... 0oL,
as a function of

Tooling hours per pound as a function of

airframe unit weight ... ..

Manufacturing labor hours per pound as a function

of airframe unit weight . . .,
Manufacturing material cost

per pound as o function

of airframe unit weight ... .. .. .. o o L
Development support. cost per pound as a function

of airframe vunit weight ., . .

Flight-lest cost per test aireraft as a {unetion
of the quantity of flight-test aireraft .. .. .00 000 L.
Quality control hours per pound as a function

Totul program cost. per pound as o funetion of
aitframe unit weight ..o, o L

TA

Contructor efforts 1o impro

BLES

ve parametric

cost esdtimading models . oo 0 o o o

Potential explanptory varin
Numbers of blaek baxes |
Airframe materials utilizati
Now engine designator ..

bles o .

L

Contractor experience designator 000000000

Progroou type designator

Ancraft charncteristic values: size

and technieal/performance

XV

27
42
b1
54
58
60

73

T4

5

76

)

8

80

10
[
1
1
19
21




xvi

11.
12.
13.
14,
15,
16.
17.
18.
19,

20,
21,

22,

Al

A2
RB.1.

B.2.
B.3.
C.1
D.1L.
D2

AIRCHAFT AIRFRAME COS'T ESTIMATING RELATIONSHIPS

Mircraft characteristic values: construction . ........... 26
Aircraft characteristic values: program . ... .. c.o.... 26
Cost-element distribution, by production quanmty e 29
Summary of aircraft characteristic values, by
mMiBBION EYPE . . v e e B 1
Airframe costs, by mission type . .. ....... ... . ... ... 31
Airframe costs, by time period . ... ..., e e e 32
Variable combinations examined ................... 36
A priori notions regarding effect of increase

in txplanatory variable on cost element . ... . ....... .. 40
Set of airframe CERs based on sample of

13 post-1960 aireraft ... ... o o e ‘ve. 45
Comparison of standard errors of estimate:

DAPCA-III and current recommendedset . ............ 46
Relative accuracy of estimates obtained using

DAPCA-III and current equationsets . . ... ........... 47
Comparison of estimates cbtained using

DAPCA-III and current equationsets ... ........... oo 47
Equation sets incorporating alternative forms

of time variable . ... .. e e e e e 49
Standard error of estimate (log) . ........... ... ..., . 60
Set of airframe CERs based on sample of 6

post-1960 fighters . .. ............ Ve 52

Relative accuracy of estimates obtained usxm,
full estimating sample and fighter suhsample

equation sets . . . ........... e e e 56
WBS categories included in RAND airframe cost

elements ... 68
RAND airframe cost elements . ..., .. ... .. L. 69
Explanatory variable values: size and

technical/performonce . ... ... . o L L 84
Ixplanatory variable values; construction . ... ... ... .. 85
Explanatory varinble values: program . .............. 86
DAPCA-TT estimating relationships . ... ... . . L. 87
Cumulative total cost-quantity slopes . ... ... ... ... .. 88

Cumulative total cost-quantity slopes,
Ly mission type .. 88



AL T RS Ty =

I. INTRODUCTION

Parametric models for estimating aireraft airframe acquisition costs
have been used extensively in advanced planning studies and contrac-
tor proposal validation. These models are designed to be used when
little is known about an aircraft design or when a readily applied va-
lidity and consistency check of detailed cost estimates’ is necessary.
They require inputs that (a) will provide relatively accurate results, (b)
are logically related to cost, and (¢) can easily be projected before
actnal design and development information is available. Their purpose
is to generate estimates that include the costs of program delays,
engineering changes, data requirements, and all kinds of phenomena
that occur in a normal aircraft program.

Since 1966, RAND has developed three parametric airframe cost
models.? These models have been characterized by (a) easily obtain-
able size and performance inputs (weight and speed), (b) the estimation
of costs at the total airframe level, and (¢) the utilization of hetero-
geneous aircraft samples. They have usually been updated when
enough additional aircraft data points have become available to suggest
possible changes in the equations. In the present model, the A-10,
F-15, F-16, F-18, F-101, and S-3 have been added to the full estimating
sample.

Analysts at several other companies have also attempted to develop
more accurate paramettic models. Some of these projects are listed in
Table 1.

The models in Table 1 vary somewhat with respect to specific pur-
pose, level of detail, and sample size and type.* Consequently, before
undertaking this update of the RAND airframe equations, we reviewed
each model reference document for potential means of improving accu-
racy. Three possibilities emerged from this review:

¢ Use of a more homogeneous sample such as a single mission
type (e.g., fighter, homber, transport, or attack aircraft).

'Examples of this latter application include the Independent Cost Analysis (ICA)
prepared ax part of the Defense Systems Acquisition Review Council (DSARC) process,
and government analyses of contractor cost propusals during source selections,

“Sue Refu. 1, 2, and i3,

n addition, the F-86, F-89, and I3, which were dropped from the previous estimat-
ing sample (that of DAPCA-1D, were reintroduced.

1A critique of the RAND, RC, Noah, and SAL models is given in Ref. 11.
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Table 1

CONTRACTOR EFFORTS TO IMPROVE PARAMETRIC
COST ESTIMATING MODELS

Developer Sponsor Year Ref,
Planning Research Corporation (PRC) 08D 1967 4
J. Watson Noah Associates Navy 1973 b
J, Watson Noah Assoclates Navy 1071 (J
Science Applications, Inc. (SAI) NASA 1977 7
General Dynamies (Convair) AF 1976 8
General Dynamics {Convair) AF 1977 9
Grumman Alreraft AF 1978 10

e Incorporation of an objective technology index into the cost
estimating relationships (CERs).

¢ Incorporation of construction and program characteristics into
the CERs (e.g., wing type, internal density, contractor experi-
ence, type of development program).

We investigated each of these approaches to determine its potential
utility for developing a set® of equations for estimating airframe costs.
The rationale for each approach is discussed below.

POSSIBLE APPROACHES FOR IMPROVING
MODEL ACCURACY

Sample Homogeneity

Other things Leing equal, it is clearly preferable to work with a
homogeneous sample rather than one that contains diverse and
perhaps misleading data points. The difficulty in developing such a
sample for military aircrafi arises in defining sete of characteristics
that are capable of classifying these aircraft in terms that bear some
rational relationship to cost. This atudy was based on a fairly straight-
forward method for stratification, mission designation (i.e., attack,
bomber/transport, and fighter). Generally speaking, fighters tend to be
smaller, faster, and more maneuverable than other types of mission air-
craft. Attack aircraft, on the other hand, terd to be larger, slower, and
less maneuverable, because of greater emphasis on range/payload per-
formance. Finally, bomber/transport aircraft tend to be the largest,
slowest, and least maneuverable of the aircraft types.

bA wet encompasses the following cost olements: engineering, tooling, manufucl uring
labor, munufacturing material, development support, flight test, and quality control,
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This type of classification does result in anomalies. For example, a
fighter may be larger than a bomber (F-111 airframe unit weight
exceeds B-58 airframe unit weight), and a bomber may be faster than a
fighter (B-58 speed exceeds F-102 speed). Furthermore, the missions
of two aircraft with the same designation can be quite dissimilar; for
example, while the primary mission of most fighters is air-to-air, the
primary mission of some, such as the F-105 and F-111, is air-to-ground,
which may in fact make them more akin to attack aircraft than
fighters, Unfortunately, these definitional difficulties are not easily
rectified (the more restrictive, or pure, the definition, the smaller the
sample size). They are noted here only to illustrate that such problems
do exist.

Technology Index

Previous RAND analyses have suggested that the relative accuracy
of acquisition cost and schedule estimates made at the beginning of
major weapon system development programs is at least partially influ-
enced by the degree of technological advance being sought.® As a first
step toward a better understanding of this relationship, a technlque
was developed for objoctively quantifying the technological state of the
art of one particular type of system, aircraft turbine engines,” Subse-
quent analysis established a functional relationship between the tech-
nology embodied in engine designs and their acquisition costs, resulting
in improved CERs for aircraft turbine engines.®

More recent work has attempted to quantify the technological
change in U.S. jet fighter aircraft.” An oxpression was developed that
related the time of appearance of an aircraft design to its level of per-
formance, which is interpreted as & measure of its level of technological
sophistication.!” The expression, which includes specific power, the
Breguet range factor, sustained load factor, fuel fraction, and a
carrier-capability designator, is illustrated in Fig. 1, where:

The vertical axis measures the firet. flight date caleulated by inserting
aircraft performance parameters in the technology equation and the
horizontal axis measures the actual first flight date for each aircratt.
The distribution of the 25 dala points about the 46 degree line

8860 Reofs, 12 und 13

"See Ref, 14.

8Sue Refs. 15 and 16.

YSee Ref. 17.

1915 addition to the technology index itself, unother benefit of the technology study to

this analysis was the identification of several individual explanatory variables which had
not previously been tested for significance in airframe cost equations.
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provides one measure of how well the equation fits the data sample,
Points plotted above the 45 degree line represent aircraft that flew
earlier than the date predicted by the equation, and the converse
holds for points plotted below the line. The magnitude and sign of
the residual of the technology equation determine where a particular
aircraft point falls relative to the 456 degree trend line, with the resi-
dual representinyg all the unquantifiable factors that influence when
the first flight of an aircraft occurs, including technological factors
not covered by the independent variable parameter set, scheduling
decisions, Congrossional and service funding decisions, development
philosophy, ete. Accordingly, one should interpret the results from
the equation only as a gross indication of average technological
trends In fighter aircraft development, remembering that other fac-
tora can also influence the time at which a particular level of technol-
ogy becomes available.''

This index was developed only for fighters, Consequently, this
approach was tested only with the fighter subsample.

Program/Construction Characteristics

The developers of the previous RAND airframe cost model con-
cluded: “It may be time for a change in direction. . . . {The] use of a
parametric modsl implies a belief that all programs will have neither
more nor less than their share of problems, yet we know that some
programs are plagued with problems that are not a function of aircraft
characteristics. It might be productive to examine the influence of
what might be called program characteristics on program cost,”!?

Following this recommendation, we investigated several program
variables, including the maximum tooling capability, currency of con-
tractor experience with similar airframes, engine status (new or “off-
the-shelf” engine), degree of weapon system integration (emphasis on
sophisticated fire control systems and missiles rather than guns), and
the type of development program (prototype or concurrent), This
study in no way represents an exhaustive examination of the program
variables, however, We were unable to consider such things as the
effect of schedule on cost, the financial condition of the contractor,
local economic conditions, and possible complementarities nmong the
various development and production processes,

Additionally, as a result of suggestions by individuals within the air-
craft industry, we investigated several variables related primarily to
airframe construction, including the design ultimuate load factor, wing
type, structural efficiency, internal density, and carrier capability.

"Ref, 17, p. 27,
Spe Ref. 3, p. bk,
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REPORT ORGANIZATION

Section II describes the study data elements—the aircraft in the
estimating sample, the cost categories for which estimating relaiion-
ships ure being developed, and the potential explanatory variables,
Section III provides an overview of how the cost data and aircraft
characteristics vary by mission type and over time. Section IV sum-
marizes the general approach, including a discussion of the variable
combinations selected for analysis and the statistical methods
employed. Sections V, VI, VII, and VIII present results of the analyses
of the full estimating sample, the fighter subsample, the
bomber/transport subsample, and the attack aircraft subsample,
respectively. Section 1X summarizes the main findings of the study
and suggests possible future courses of action.

Appendix A contains cost-element definitions and cost/airframe unit
weight plots, and Appendix B contains explanatory variable definitions
and values. Appendix C summarizes the most recent set of RAND.-
developed airframe CERs (DAPCA-III). Finally, Appendix D provides
typical cost-quantity slopes and labor costs that are suggested for use
with the recommended set of CERg,



II. DATA ELEMENTS

ESTIMATING SAMPLE

The fuil estimating sample consists of the following 34 “new-
design” aircraft:!

First Flight First Flight

Model Date Model Date?
A-8 1963 F-4 1961
A-4 1964 F-14 1970
A-b 1068 P16 1972
A-6 1060 F.14 1976
AT 1966 F-18 1978
A-10 1874 F-88 1948
B-52 1964 F-89 1960
B-58 1967 1-100 1963
B/RB-66 1964 F101 1964
C-b 1968 I*-102 1966
C-130 1066 104 1966
(-134 1966 F-106 1966
KC-136 1967 K106 1966
C-141 1963 111 1967
3 1860 S-3 1972
3 H 19565 1-38 1968
P41 1964 T30 1960

Approximately two-thirds of the aircraft in the sample {irst [lew
prior to 1960, and roughly half first {lew prior to 1967 (i.e., more thun
30 yeurs ago).

UPhe classification of an ndreralt ns new or derlvidive 18 not on entirely ohjective pro-
codure, For exnmple, although the 17-102A progratn Inid the groundwork for the F-106A,
the I-106A i clussified as u new design in the databuse heeause, in contrast (o the
F-102A, it had a new engine, reloeated air intakes, varinble-geometey niv inlets, o moi-
fied vertical stabilizer, nnd markedly better performunee (Ref, 17, p. 1),

“The firt ght dates presented in this report roflect the fisl Aight date of the ver.
sion that was most representative of the nireraft that was to hecome opeeational, These
dates thus reflect the fivst fight date of the developmental aireralt, not earlier experi-
mental or prototype nirernft, Thus, although the F-4A aireraft fiest flow in May 1958,
the first flight date of the -4 aiveradt in presonted, Similnvly, even though the YF-17,
the antecedent of the F-18, fiest {lew in Moy 1974, the fest Night date of the F-IRA air-
erufl is presented,

-
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The attack subsample consists of the aircraft with mission code A
plus the S-3.> Th. fighter subsample encompasses all mission code F
aircraft, The bomber/transport subsample consists of aircraft with
mission codes B and C plus the KC-135, The two trainer aircraft (the
T-38 and T-39) are not included in any subsample.

DEPENDENT VARIABLES

Costs are dealt with at both the total program level and at the
mejor cost-element level (ungineering, tooling, manufacturing labor,
manufacturing material, development support, flight test, and quality
control).® Generally, estimating at the total program level is best
suited to long-range planning studies where little detail is required.
The major-cost-element approach, on the other hand, is best suited to
situations where some insight into why a program is going to cost a
certain amount is required, or where informed adjustments need to be
made based on special aircraft characteristics. Despite these differ-
ences in typical applications, however, past RAND analyses (as well as
this one) have shown that the two approuches are essentially
equivalent in terms of their accuracy.

Costs are not examired in terms of nonrecurring and recurring
because for the older aircraft in the sarnple, original records were not
kept }}n this way, and any such separation at this time would be arbi-
trary.

Engineering, tooling, manufacturing labor, and quality control are
estimated in terms of man-hours rather than dollars, for two reasons:
(1) it avoids having to make adjustments for annual price changes, and
(2) it permits comparison of real differences in labor requirements.’
Manufacturing material, development support, and flight test do not

480me queation muy be rafsed concerning the inclusion of the $-4 in the attack sub-
sumpla, Howevor, in termn of weight, speud, climb rate, ned ultinte load factor, it is
within the range of the miswlon code A wireraft. Turthermors, it has the capability to be
used in an attack (for torpedos and depth bombr), possessing a relatively sloep muximum
dive angle, Bocauwe of these fontures, its inclusion fn the attack sample was foli
spipropriate,

Potal program costs are “normalized” values and not the actual reported doling
amounts, La, the dollar amounts for englneering, tooling, manutacturing labor, aind qual-
ity control have been determined by applying fully burdencd, industry-nvernge lnbor
ralen Lo the hours reported for ench categary,

Cost-alement definitions are provided in Appendix A.

“Ref. 4, p. &,

"Phe wmajor limitaton of the man-hours approach is that it does not account for
differences in overhead rates. Consoquently, differences in such Usings aa capital/lnbor
ratios cannot be addressed,
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lend themselves to this approach and were therefore estimated in dol-
lars.

EXPLANATORY VARIABLES

During the formulation stage of this study, many characteristics
were considered as potential explanatory variables. However, to be
among the characteristics that were considered for inclusion in the
CERs (Table 2), a variable had to meet the following requirements:

1. 1t had to be logically related to cost, that is, a 1ationale had to
be constructed that would explain why cost should be influ-
enced by the variable?

2. It had to be “readily available” in the eatly stages of aircraft
conceptualization,

3. It had to have an available historical record.”

The rationales for considering or not considering suggested explana-
tory variables are explained below. Variable definitions are provided in
Appendix B,

Size

Weight and wetted arca are logical variables to be tested for signifi-
cance because they are indexes of size, and, all other things being
equal, a large airframe should cost more than a smaller one. Airframe
unit weight consists primarily of structural items and, of all weight
measures, would seem to most closely represent what the airframe
manufacturer is directly responsible for designing and producing,
Empty weight includes not only the structure but also the engines and
mission equipment and thus would also seem to caplure what the air-
frame manufacturer is responsible for integrating and installing.

"This requirement. 18 intended to ho a middle ground between two extromes. One
extrome would require the developumiont of an in-depth, step-by-step explanstion of why u
particular characteristic should atfect cost, prior to any statisticnl analysis, This
upproach would require following a typical airframe from deawing board Lo finnl nssem
hly, showing how the characteristic of interest impacts 2osl at oneh “stop” along the way.
The other sextreme would not require any a priori rationale but would use atatistical
unalysis to establish explanaiory varinhles and then be coneemed with developing the
rationale,  Our approach required the establishment of an intuitive rutionale for cach
potential explanatory variable prior 1o any statistical analysis, which wis then used us o
tool for final variable selection,

"n the context of this study, an nvaibible record was ane it wis currently nvailihle
within RAND, External data collection for this study was extremely lmitoed.
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Table 2
POTENTIAL EXPLANATORY VARIABLES*

All Bomber/
Variable Aircraft  Fighter Attack T'ransport
Slze
Airframe unit weight {(AUW) X X X X
Empty weight (EW) X X X X
Wetted area X X X X
Technical/periormunce factors
Maximum speed X X X X
Speed class X X X X
Specific power X
Maximum specific energy X
Climb rate X X X X
Maximum sustained lond factor X
Thrust-to-weight ratio X
Breguet range factor X
Usetul load fraction X X X X
Prodicted first Dight date
(technology Index) X
Prodicted first flight date
(composite perfurmance) X
Construction
Design ultimate joad factor X X X X
Structural efficlency factor X
Carrier capability doslgnator X X X X
Englue location dosignator X h X X
Wing type X X X X
Ratio of wing aren to woetted aren x X X X
Ratio of (HW-AUW)/AUW X X X X
Ratio of avionies weight to AUW X X X X
Number of bluck hoxes X X X X
Program
Number ol test aireraft X X X X
Maximum tooling capability X X X X
New engine designntor X N X X
Countractor experience designntor X B X X
Wonpon system designator X
Progrmmn type designator X X X X

"Blanks indicate that not all vaplanatory varinbles are applicable to nll
airernft namples, In some instances, certain charaelevistion are not mean-
ingful {or certuin nireraft types, e, speeitic power is not particaloely
relevant when describing bombor/temnsport. aiveraft, In other vases, the
elfort. required o colleet or valeulate the approprinte values wis heyond the
geope of thin study, For example, the Mroguet range faetor was readily
availuble only for fighter aireraft, and caleulating it for the other aizeraft
types would have been s mnjor undertaking,
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Gross weight and combat weight were not tested because they include
items (e.g., ordnance, fuel, crew) which, while clearly considered during
the development stage, are not within the airframe manufucturer’s
responzibility for design, fabrication, or installation, The connection
betweea cost and gross weight/combat weight would thus be less strong
than that between cost and airframe unit weight/empty weight. Other
size variables such as wingspan and fuselage length were not considered
because, individually, they are not representative of the entire airframe,

Technical/Performance Factors

Generally speaking, improvements in performance capability (speed,
acceleration, maneuverability, range/payload, etc.) are assoviated with
greater airframe complexity, For example, as speed approaches Mach
1, the effects of compressibility necessitate more sophisticated aero-
dynamic and structural design (e.g, swept wings); as speed increases
beyond Mach 1, wings generally become thinner; as speed approaches
Mach 2, more complex variable-cross-gection engine air inlets are nor-
mally used for efficient operation; and at Mach 2.5, materials such as
titanium are needed, since the strength of aluminum alloys decreases at
the elevated temperatures encountered at higher speeds. Speed alone,
however, ignores the problems associated with packaging high speed in
a small, lightweight airframe. Consequently, specific power (fighters
only) is the chosen parameter, because it normalizes for size.

Mazximum specific energy (fighters only), an important parameter in
energy-maneuverability theory, collectively describes the speed and
altitude performance of fighter aircraft, The sea-level rate of climb
indicates the specific excess power an aircraft has available to climb or
change velocity and hence provides a measure of acceleration capabil-
ity.

The maximum sustained load factor (fighters only) and the thrust-
to-weight rativ (fighters only) were selected to characterize aircraft
maneuverability, Generally speaking, increased maneuverability is
associated with increased airframe “strength.”

Differences in the range/payload capability are reflected in the Bre-
guet range factor (fighters only) and useful load fraction, The range
factor meastres how well fuel cnergy is translated into range by the
airframe’s asrodynamics a8 well as the propulsion system. The useful
load fraction provides a gross mensure of an aircrafi’s ability to carry
fuel and payload.

The predicted first flight date (fighters only) is viewed, first, as an
indicator of the technological sophistication of the airframe, and
gecond, a8 4 composite performance variable. As an indicator of
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technological sophistication, it complements other performance vari-
ables, and as a composite performance variable, it substitutes for other
performance variables. However, in either case, the impact on cost
should be the same: higher levels of technological sophistication or
performance should result in higher cost.!®

The lift-to-drag ratio was not considered, since no hypothesis
explaining a logical relation to cost could be developed. However, it
does significantly influence range and is incorporated into the Breguet
range factor. Ceiling was no* considered, because the vast majority of
aircraft in the sample are capable of altitudes in excess of 40,000 ft,
and further differences are usually attributable to the engine rather
than the airframe,

Construction

This group of explanatory variables is used to account for differ-
ences in how airframes are constructed. The design ultimate load factor
(the maximum load factor to which the airframe is designed) can be
viewed as a measure of airframe “strcngth.” The structural efficiency
factor (fighters only), defined as the ratio of structural weight to the
product of the design ultimate load factor and stress design weight, is
used to quantify dilferences in materials and design/fabrication tech-
nology. Presumably, improvements in materials and design/fabrication
techniques should produce lower structural efficiency factors. Since
they are more difficult to achiove, lower structural efficiency factors
should result in higher costs than higher structural efficiency factors.

The carrier-capability designator is intended to sepurate aircraft
derigned for carrier operation (i.e., those having catapult takeoff,
arresting-genr landing, wing fold, and additional corrosion problems)
from those that are not. The engine lvcation designator indicates
whether an aircraft's engines aro embedded in the fuselage or located
in nacelles uuder the winyg. It is felt that the process of desipning and
integrating an engine into a fuselage (e.4., tailoring the inlet airflow,
routing cables and hydraulic lines around the engine) is more difticult
than that of placing the engine in a nacelle under the wing,

The next two variables deal with wing construction, Wing type
reflects the perceived complexity of alternative wing configurations—
straight, swept, delta, and variable sweep. ‘I'he ratio of wing area to
wetted area is used to account for the observation that wing structure is

“Since the predicted first light daty and avtuad first Dight date ore highly correlated
hy constraction (i, they nre ossentinlly equivalent), the possibility oxists that when the
predicted fiest flight date is entered into o cost eguation it might actually he capturing a
tinw trend that is unrelated to technology (e, changes in procurement poliey).

— —— -~
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normally less expensive per pound than fuselage or empennage struc-
ture.!' Consequently, everything else being equal, aircraft with larger
ratios of wing area to wetted area should be less expensive than aircraft
with smaller ratios,

The two weight ratios—empty weight minus airframe unit weight to
airframe unit weight [(EW-AUW)/AUW] and avionics weight to air-
frame unit weight [AV/AUW]|—are used to account for the difficulty of
integrating and installing nonstructural item. within the airframe.
Weights are used as proxies for volume, since volumes could not be
obtained. Empty weight less airframe unit weight accounts for the
weight of the engine(s) and mission squipment, while avionics weight is
limited to the electronics group,

Like the ratio of avionics weight to airframe unit weight, the number
of black boxes also attempts to account for the difficulty of integrating
and installing electronics into an airframe. However, it does not cap-
ture the relative difficulty of packaging particularly well, especially
when applied to a sample containing both large and small aircraft. A
black box is loosely defined as an electronic component or unit (usually
with an identifiable AN designation'? or manufacturer part number)
which provides a communication, navigation, identification, fire con-
trol, electranic countermeasures (ECM), or data processing function,
Excluded are instruments, electromechanical components, intercoms,
emergency transmitters, chaff dispensers, cameras, and electronics
located in pods. Differences in the level of technology embaodied in
black boxes are not accounted for, nor is the fact that the level of black
box aggregation varies from aircraft to aircraft. For example, 8 cen-
tralized aircraft and weapon control unit (such as the MG-10 on the
F-102) may subsume several functions identified separately on other
aircraft, Furthermore, since an aireraft's avionics suite ig constantly
changing, even during initial production runs, it is very difficult to
selact a “representative” suite. This analysis hus used the suite appear-
ing ou the firat production version of the aircraft as a basis for deter-
mining the number of black boxes. "The numbers of black boxes by air-
craft and by date of first flight are shown in Table 3, which alse shows
an apparent pre-1960/post-1960 break in the quantity of black boxes
for the attack, transport, and fighter mission types.

An additional half-dozen or so construction-related variables were
not considered, for a variety of reasons. Wing loading and aspect ratio
were not considered because reasonable hypotheses relating them to

I''ae Ref. 18,
2An AN (Ariny-Navy) designation indicaten (it nn electronic i ¢ hos been clansi-
fied in accordnnee with the Joint Eleetronies Tyop  osignation Svatem,
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Table 3
NUMBERS OF BLLACK BOXES

Year of Numbera of
First Black

Aircraft Flight RBoxea

Attack Aircraft
A-3 1863 8
A-4 1964 8
A-b 1968 13
A-8 1960 23
A-7 1966 19
S 1972 33
A-10 1874 14

Bomber/Transport Alrcraft

B-52 1964 24
B/RB-66 1964 -
H.58 1967 26
C-130 19566 17
C-133 1956 16
KC-13b 1957 16
C-141 1963 26
C-b 1968 27

Tighter Aircraft
F-86 1948 4
F3b 1960 9
F-89 1960 9
F-100 1964 5}
Fai) 1961 0
F-101 1064 9
iH 1465 [t}
1102 1950 )
1104 190t 6
F0b 14966 11
1106 1956 12
I*.4 1961 14
111 1067 18
1. 14 1970 21
F-15 1972 24
14 1076 -
F-18 1978 -

Other Aireraft
T-48 ) 1

49 1960 10
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cost could not be developed. Wing taper,!” the ratio of wing thickness
to wing chord,'* maximum dynamic pressure in the flight envelope, and
part count were not considered because historical values for these vari-
ables were not readily available. Furthermore, part count was not felt
to be a variable for which a value could be accurately estimated in the
concept-formulation stage. The maximum lift coefficient'® in combat
configuration was not considered hecause efforts to measure this
parameter uniformly were stymied by inconsistent definitions among
aircraft of what constitutes the maximum usable lift coefficient condi-
tion (e.g., inconsistent definitions of controllability under various con-
ditions of buffet). The maximum lift coefficient in a landing or takeoff
configuration was investigated indirectly through the use of a variable
that distinguishes between land-based aircraft and carrier-capable air-
craft; the latter generally place greater emphasis on developing high lift
at low speed.

Finally, even though we know that airframe materials utilization
varies significantly from aircraft to aircraft (see Table 4), the develop-
ment of a meaningful materials index was beyond the scope of this
study. Such an index would require, for each aircraft, not only the
matorial distribution (e.g, aluminum, titanium, steel, composite) and
form (sheet, plate, forging), but also the relative finished part costs at
the time the aircraft was manufactured. Furthermore, the required
data are readily available for only a few of the most recent aircraft,'¢

Program

Unlike the first three groupings of sxplanatory variables which dealt
with the physical characteristics of airframes, the final group of vari-
ables deals with the management decisions associated with airframe
programs. An increased number of test afrcraft suggests an expanded
flight-test program with increased engineering planning, instrumenta-
tion, fuel, maintenance, and data requirements, and a resultant
increase in cost. Maximum tooling capability is used to capture the
effect on cost of the production rate (e.g., greater specialization of

YHigher wing-taper ratios generally mean more unique parts (.., riby).
MLower thickness-to-chord ration reflect relatively thinner, wider wings which are
more difficult to construct than thicker, nurrower wings,
"Higher maximum Lift cosfficients ure normally associnted with more complex wing
leuding- end trailing-edge devices, thue cost of which presumably increases the cost of the
overall wing.

Bkor udditionnl discussion of material indoxes, sea Rel. 19, pp. 189-202,
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Table 4

AIRFRAME MATERIALS UTILIZATION
(Percentage of airframe structure weight)*

Alrcraft®

F-4  F111 F-14 P15 B-1A F-18  F.18
Material (1961) (1987) (1870) (1972) (1974) (1978) (1078)

Aluminum 70 69 48 52 52 79 48
Titanium 9 b 29 40 20 2 14
Steel 16 33 2% [} 14 4 16
Composites 1 1 2 4 6 11
Other b 2 - 1 10 10 12

*Structure welght includes the following weight groups: wing, tail,
body, alighting gear, and engine section (see MIL-8TD-1374, Weight and
Balance Data Reporting Forms for Aircraft, September 80, 1977),

bRirst flight dates shown in parentheses.

labor, reduced material costs through increased volume purchase) and
the physical volume of tooling (initial and duplicate sets).

The “new engine” designator distinguishes those airframes that are
mated with a new sngine (excluding growth versions) from those that
are not. A new engine is expected to experience more difficulties than
an “off-the-shelf” or growth engine, and these difficulties should also
be reflected in the airframe development (e.g., in schedule slippage, air-
frame modifications), The derivation of the “new engine” designator is
provided in Table 5. Clearly, some interpretation was required. For
example, during the early and mid-1950s, when aircraft were developed
at & rapid pace, engines were occasionally introduced virtually simul-
taneously on more than one aircraft. Sotne cases were truly joint
applications (e.g., the J78 for the B-68 and F-104). In other near-
simultaneous cases, such au the J67, we used subjective judgment in
determining which aircraft bore the brunt of engine development.

The contractor experience designator is intended to deal with the
notion that a contractor with recent experience on a specific mission-
type aircraft should be more efficient, both in development and produc-
tion, than a contractor without that experience.!” The problem, of

TAn alternative appronch would forus not on the individual contractor’s recent
experience, but rather on the experience of the airframe industry as a whole with a given
type of aircraft design. In other words, only "first-of-a-kind" designs would be denig-
nated “no experience.” The problem with this approach is that almost cvery aireraft is
the first “something." (For example, sve Ref. 17, p. 7, Table 1, “Milesiones in 1.8, Jel
Fighter Development.”)
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Table B
NEW ENGINE DESIGNATOR
Initial Initial

Engine on Aircraft

Production  Application(n) First
Alroraft  Alrcraft of Engine Application?
A-3 Js7 B-82/F4D No
A4 J6b B:57 No
Ab J79 B-88/F-104 No
A-8 J52 A-6 Yes
A-7 TF30* F-111 No
A-10 TF34 S-3 No
B-52 J&t B-82/F4D Yes
B-68 J79 B-68/F-104 Yes
B/RB-66 J71 B/RB-86/F3H Yes
C-5 TF39 C-5 Yes
C-130 TL8 C-130 Yes
C-188 T34 C-133 Yes
KC-135 Jat B-52/F4D No
C.d1 TF33 B-52H/707 No
F3D J34 FéU/F2H No
F3H J7t B/RB-.66/F3H Yes
F4D JB7 B-52/F4D Yes
P4 J79 B-58/F-104 No
P14 TF30 F-111 No
F-18 F100 F-15 Yes
F-18 F100 F-16 No
F-18 F404 F-18 Yes
F-88 J47 B-456/F-88 Yes
F.89 Jas F-84/FJ-1 No
F-100 J67 B-52/F4D No
F-101 JB7 B-52/F4D No
F-102 J67 B-62/FAD No
F-104 J79 B-68/F-104 Yes
F-106 175 F-106 Yes
F-108 J75 F-1056 No
F-111 TF30 F-111 Yes
8-3 TF34 8-3 Yeu
T-38 J8s T-2¢ No
T-39 Jeo T-38/C-140 Yes

*Without afterburner.
YF3H switched from J40 to J71 at the fifty-seventh
production unit.
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course, comes in defining experience. The question of what constitutes
an “experienced nucleus" of engineers and production workers is
beyond the scupe of this study. The answer to this question would
involve, for example, questions of:

1. Relevancy:

o Does a company-sponsored effort constitute experience in
the same sense as a government-sponsored effort?

e Does a program that does not reach production provide
experience in the same sense as one that does?

o  Does experience with aircraft types other than the current
aircraft type benefit the current program? (e.g., Does
recent experience with attack aircraft help fighter
development? Does recent experience with commercial
tranaport aircraft help military transport aircraft develop-
ment?)

2. Currency: How recent is the experience?

3. Definition of nucleus: quantity, quality, and mix of labor
types,

4, Labor mobility, both intracompany and intercompany.

Consequently, for this study, contractor experience is arbitarily
defined in the following way: A company that receives a government-
sponsored mission-type-X development contract (excluding contract
definition phases) prior to the conclusion of another government-
sponsored mission-type-X production program is said to have experi-
ence. Furthermore, for all but cargo aircraft, an additional condition of
experience is that the propulsion types of the current and prior aircraft
also be the same. That is, the applications of propeller and jet propul-
sion to combat aircraft are considered sufficiently dissimilar that credit
for experience is not given if the prior case involved a different type of
propulsion system., The derivation of the contractor experience desig-
nator is provided in Table 6. Note that in cases where there is a defin-
ite similarity between an aircrafl and an antecedent, credit for experi-
ence is given irrespective of the mission designations (e.g., A-3 and
B/RB-66, F-8 and A-7).

This definition obviously has limitutions, For example, changes in
avionics technology snd basing mode (e.g., land vs. carrier) are ignored,
as is relevant subcontractor experience." However, additional sophisti-

"For example, (0 “obtain” relevant “carrier” experionce for the S-4 program,
Liockheed tesmed with L'T'V, which at the time was still producing the A7, In fact, by
the time the last -3 wan completed, LTV was producing about 6 percent of the air-
frame unit weight.
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CONTRACTOR EXPERIENCE DESIGNATOR
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Start Date of
Govt.-Sponsored

Prior Alrcraft of

Same Missinn Type
Produced by Contractor
and Approximate Date

Aircraft Contractor Research Production Concluded Experience?
A-3 Douglas Mar 1649 A-1 (prop)/Feb 1857 No
A-4 Douglas Jun 1952 A-3/1960 Yes
A North Amerlcan Jun 1958 A-2 (prop)/Mar 1984 No
A8 Grumman Mar 1868 8-2 (prop)/1887(?) No
A1 LTV Mar 1984 F-B*/Sep 1964 Yes
A-10 Fairchild Dec 1970 None identified No
B-52 Boeing Jul 1948 B-47/Feb 1867 Yes
B-58 Convair Feb 1051 B-38 (prop)®/Aug 1064 No
B/RB-66  Douglas Jan 18563 A-3°/1960 Yes
(of ) Lockheed Oct 1665 C-141/Jul 1088 Yes
C-130 Lockheed Jul 1851 None identified No
C-133 Douglas Feb 1053 C-124 (prop)/May 1956 Yen
KC-138 Bosing Aug 19644 KC-97 (prop)/Ju} 19566 Yes
C-141 Lockheed Apr 1961 C-130 (prop)/current Yes
FaD Douglas Apr 1046 P.70 (prop)/1943(7) No
F8H McDonnell Sep 1949 F2H/0ct 1853 Yes
FAD Douglas Dec 1948 FAD/0ct 1953 You
F4 McDonnell Oct 19584 FaH/Nov 1860 Yen
F-14 Grumman Jan 1969 F-111/Feb 1089" Yes
F-15 MceDonnell Dec 1969 F-4/current Yes
F-18 General Dynamics Apr 1972 F-111/August 1989 No
F.18 MceDonnell Apr 1972 F.16/current Yos
F-86 North American May 19456 FJ-1/10567 Yes
F-80 Northrop Jun 1946 P-81 (prop)/1948 No
F-100 North American Jan 1962 F-86/Dec 1956 Yes
F101 McDonnell Jan 1962 F2H/0ct 1953 Yen
F-102 Convair Sep 1951 None ldentified'No

F.104 Lockheed Mar 1953 F-04/May 19064 Yen
F-106 Republic Sep 1962 F-84/Aug 1967 Yes
F-108 Convalr Nov 1956 F-102/Apr 19568 Yes
F-111 General Dynamices Nov 1962 F-106/Jan 1981 No
8.3 Lockheed Aug 106D P-3 (prop)/current Not
T-38 Northrap Nov 1858 None identitied No
T.39 North American Mar 1868 T-28 (prop)/1966 You"

“Tho A-7 evolved from the F-8,

bOnly two YB-80s (a B-36 derivative using elght J57 jet englnes) were produced by Con-

vair,

“The B/RB-66 evulved from the A4,
“The “Dash 80" jet transport atarted in May 1952 with corpurate funds,
*The F-111B was formally canceled in July 1968; the lust F-111B neceptance waa in
February 1868. Grumman funding on the F-111 was $150 million in 1969 and 368 milion in

1670,

"The XF.02 wan less than a full-scale prototype.

*The I-3 s a relatively lurge, lund-hased, propeller-driven atreraft, while the 8-3 is n rela-

tively small, carrier-based, jet aircraft.

bAdditionally, the T-2 was developed and produced approximately concurrently with the

T-39,
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cation in the definition of contractor experience would require
increased subjectivity on the part of the analyst,'®

The intent of the weapon system designator (fighters only) is to iden-
tify those aircraft whose development placed more emphasis on air-to-
air mizgsilea and sophisticated fire-control systems than on gun arma-
ment,

Aircruft identified as “weapon aystems” were considered to be rela-
tively more expensive in terms of design integration and equipment
installation than aircraft identified as “gun platforms.” The most diffi.
cult aircraft to classify were the F-101 and the F-104. The F-101A car-
ried four 20mm M-39 cannons, twelve spin-stabilized rockets, and three
AIM-4A Falcon missiles. But it was not until the B version of the
F-101 that the cannon armament was deleted and the MG-13 fire con-
trol system was added. The dominant emphasis of the original F-104
program was flight performance. Armament for the F-104A consisted
of a 20mm M-681 Vulcan rotary cannon and two infrared-homing
Sidewinder missiles, but no search radar, The F-104C added provisions
for two additional Sidewinders,

The final variable considered was the type of development program.
The ultimate effect of the prototype concept on total cost (ie., cost
through the end of production) has been the subject of considerable
debate (see Ref, 21), Prototype developments typically emphasize the
early demonstration of technical feasibility, before a commitment is
made to large-scale production for inventory, The initial stages of such
developments are usually characterized by little or no production plan-
ning and limited tooling, They are “change amenable,” i.e., even
though some commitment may have been made to production, it is not
8o total as to preclude change at or close to the start of production.
For this analysis, a prototype program is arbitrarily defined as one in
which the firat lot consists of three or fewer aircraft (see Table 7).

There are three other program variables which were not considered
for a variety of reasons—the number of test articles (other than flight-
test vehicles), data requirements, and the number of concurrent con-
tractor programs. The number of test articles was not considered
because almost invariably, regardless of the technological advance, one
fatigue article and one static article are built and tested. Consequently,
there would not be sufficient variation in the variable to make it worth
considering, Data requirements are frequently mentioned as a contrib-

1,y reality, the relevant insue s much broader than {mplied here and encompusses
questions of management atrength, facility availability, financial condition, ete. The
mote generalized topic of “contractor capability” tw discussed in Chap, 13 of Ref. 20,

“Thia deflnition attempts only to distinguish between two possible emphuses and
does not exclude fighters that have both missile and gun armament.
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Table 7
PROGRAM-TYPE DESIGNATOR
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Program-Type Program-Type
Number of Deaignator Number of Designator
Alroraft in (1 = concurrent) Aircraft in (1 = concurrent)
Aircraft  First Lot (2 = prototype) Aircraft First Lot (2 = prototype)
A.3 2 2 ¥4 7 1
A-4 1 2 F-14 ] 1
A-8 11 1 F-15 20 1
A-8 8 1 F-18 2 2
A7 7 1 F-18 2 2
A-10 2 2 F-86 3 2
B-b62 2 2 F-80 2 2
B-68 13 1 F-100 2 2 s
B/RB-66 6 1 F-101* 31 1
C-b 5 1 F-102" 42 1
C-130 2 2 F.104 2 2
C-133 12 1 F-108 18 1
KC-135 1 1 F-108 k1 1
C-141 [} 1 F.111 18 1
F3D 3 2 8.3 8 1
F3H 2 2 T-38 2 2
4D 2 2 T-39° B4 2

*The XF-88 program (2 prototypes) evolved into the F-101 program, However,
the XF-88 was not considered a direct antecedent of the F-101 because different
engines were used, there were substantial differences in the planform, and the
empty weight of the F-101 was twice that of the XF.88,

he XF-02 program evolved into the F-102 program., However, like the XF-
88/F-101 case, the XF.92 is not considered a direct antecedent of the F-102 because
different engines were used, the planforms were substantially different (the F-102
utilized area-rule), and the empty weight of the F-102 was twice that of the XF-92,

*Prior to government funding, a single T-38 prototype was developed as a private
venture.

"T)he F-18 program (11 FSD alreraft) evolved from the YF-17 program (2 proto-
types).

utor to high costs, Unfortunately, little discussion has been devoted to
what the proper metric should be: The number of unique reporting
requirements? The number of manual pages that must be scripted?
The volume of cost/performance reports generated? In any case,
regardless of the metric, historical data for this type of variable are not
readily available. A lack of readily available historical data was also
the reason tor not testing the effect of the number of concurrent con-
tractor programs on cost. It was felt that a greater number of con-
current programs (including commercial efforts) would increase the
demand for labor and material, and would thereby result in cost
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increases, On the other hand, if engineers are in short supply,
engineering might be limited to that which was absolutely necessary,
which would result in cost decreases, But if thc same type of logic is
applied to the manufacturing aspect, skilled labor would be spread
thinner, which would have adverse implications for both cost and qual-
ity, Another potentially significant effect would be on overhead rates.
Presumably, overhead rates will fall as the number of concurrent pro-
grams (i.e,, the business base) increases.




III. DATA OVERVIEW

This section provides a brief overview of the database ovn which our
inferences about airframe costs are based, to enable the reader to better
assess the quality and applicability of the results. It summarizes the
characteristics of the full 34-aircraft estimating sample, compares
characteriatics by mission subsample, and concludes with a comparison
of pre-1960 and post-1960 characteristics.

FULL ESTIMATING SAMPLE
Aircraft Characteristics

Values for the size, performance, construction, and program charac-
teristics for each aircraft in the full estimating sample are given in
Tables 8a, 8b, and 8c. These data lead to the following observations:

1. Minimum and maximum values for airframe unit weight,
empty weight, wetted area, speed, and climb rate each span a
range of more than an order of magnitude.

2, Several of the continuous variables have maximum values that
fall substantially beyond two standard deviations: airframe
unit weight, empty weight, wetted area, speed, climb rate,
number of black boxes, number of test aircraft, and maximam
tooling capability.

3. Based on any of the three size measures, the C-6 is approxi-
mately twice as large as the next largest mircraft in the sam-
ple.

4. The sample does not include any aircraft that are both rela-
tively large and relatively fast (such as the B-1A would have
been, with an airframe unit weight of approximately 150,000
lb and a speed of Mach 2). This point is illustrated in Fig. 2.

There are, of course, differences among the aircraft which are not
accounted for in Tables 8a, b, and ¢. Some of the differences relate to
the way the program is managed, but in any case, it is difficult to find
an aircraft without at least one unique aspect. The differences listed
below are indicative of the types that are difficult to account for in a
generalized parametric model:

20
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Table 8a

AIRCRAFT CHARACTERISTIC VALUES: S8IZE
AND TECHNICAL/PERFORMANCE

Size Technical/Performance
Airframa
Unit Empty Wetted Maximum Climb  Uneful
Weight Weight  Area Speed  Speed  Rate Lnad
Alrerafy (Ih) (lb) (fth (kn) Class (ft/min) Fraction

Al 23,931 35,000 3,809 846 1 5,060 485
A-4 5,072 0,146 1,144 666 ! 8,400 594
A-B 23,408 32,114 2,980 1147 3 27,800 439
A8 17,150 26,208 2,100 561 1 10,000 583
A1 11,621 15,497 1,800 695 1 8,680 578
Al 14,842 18,858 2,463 ase 1 5,100 6069
B-6 112,672 177818 16,660 551 1 6,120 .808
B-5 32,686 56,660 5,450 1147 3 17,830 8569
B/RB-66 30,408 42,549 4,372 548 1 5,000 487
Cb 279,145 320,085 30,800 496 1 5,160 bBE
C-130 43,446 58,107 7,680 320 1 3,800 632
C-133 96,312 114,690 13,160 304 1 3,400 817
KC-136 70,263 97,030 10,770 527 1 5,900 87
C-141 104,322 136,900 14,100 491 1 7,270 679
FaD 10,138 14,860 1,843 470 1 4,100 484
F3H 13,898 21,270 1,908 622 1 13,000 455
F4D 8,737 18,060 1,600 628 1 20,200 A27
F.4 17,220 2,630 2,160 1222 i 40,600 .508
F-14 26,600 36,826 3,166 (a) (a) (n) (a)
F-15 17,680 26,746 2,646 (n) (n) (&) 498
F-18 9,685 14,082 1,380 {a) 2 (n) 674
F-18 16,300 20,683 (h) (n) P (b) 438
F-86 6,748 10,040 1,070 hbo 1 7,660 418
-89 18,118 23,870 (bh) hd0 1 11,800 347
F-100 12,118 18,260 1,08 62 2 20,700 371
1101 13,423 24,720 2,080 R72 2 20,800 AN
F-102 12,304 19,460 2170 380 4 18,700 J74
F-104 7,083 11,670 LU'18 1160 R} 61,600 .08
F-106 19,301 24,600 1,008 112 { 18,1300 .H38
F-106 14,620 23,180 2,230 11563 ] 34,600 Bt
P-111 33,1560 46,170 2,80 12062 R} 12,600 iRE
8-3 18,630 26,681 2,607 429 { 5,000 494
T-38 5,376 7410 (b) 099 2 28,600 K.Y
.39 7027 9,753 () 468 1 4,270 417
Mean 33,943 46,021 4,987 04 - 19,100 H03
Std. dev. 51,429 61,7113 3,398 121 - 17,216 086
Range 50T2-  TA10- 1,070- 30 : 1400 847

279,145 320,080 40,800 1260+ 60,000+ 677

*Classified,

UNot available.

>
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Table 8b
AIRCRAFT CHARACTERISTIC VALUES: CONSTRUCTION

2b

Design Carrier Engine Ratlo of Ratio of
Ultimate Capability Location Wing Area  Ratloof  Avionics No, of
Load Desig- Denig:  Wing to Wetted (EW-AUW) Waelght Black
Aircraft  Factor nator nator  Type* Area to AUW  to AUW Boxes
A-3 5.00 2 2 2 200 50 ,085 8
A4 10,50 2 1 2 227 .80 .084 8
A-B 11.00 2 1 2 237 .39 110 13
A8 9,78 2 1 2 12561 48 A70 23
A7 10,60 2 1 2 222 .33 069 18
A-10 4,93 1 2 1 ,206 34 041 14
B-62 3.00 1 2 2 240 58 470 24
B-58 3.00 1 2 3 .283 10 (o) 26
B/RB-68  4.80 1 2 2 178 A0 002 (c)
C-8 3.6 1 2 2 .201 18 017 27
C-130 3.76 1 2 1 230 .84 .08h 17
C-133 3.5 1 2 1 208 19 021 16
KC-136 3.78 1 2 2 226 38 (c) 16
C-141 3.18 1 2 228 31 .023 28
F3h 9.00 2 1 1 218 AT 146 ]
F3H 11,25 2 1 2 272 b3 .080 (7
F4D 8.60 2 1 3 47 84 216 9
-4 12,76 2 1 2 247 .80 JA01 14
F-14 (c) 2 1 4 178 39 A12 21
F-16 11,00 1 1 2 230 Bl 080 24
F-16 {c) 1 1 2 218 A7 (e) (c)
F-18 (c) 2 1 2 {c) 28 {c) (c)
F-868 11,00 1 1 2 209 48 08 4
1-89 B.50 1 1 1 (¢) 32 (c) 0
F-100 11.00 i 1 2 Pii Al 016 )
F-101 11.00 1 1 2 A70 84 {76 9
F-102 10.50 ] 1 4 0B it} 164 2]
I*-104 11.00 1 1 2 AR2 AD 070 8]
F-106 14,00 1 1 2 183 27 074 11
#1108 10.50 1 1 4 412 Nitt) A80 11
F-111 11,00 1 ! 4 200 At A8 18
S-3 5.2b 2 2 2 288 Ad 220 KR
T-38 11.00 1 1 2 {¢) 38 (¢) 1
T-39 11,00 | 2 2 (¢) b () 10
Mean 8.657 - PR A4 04 16
Std. dev. 3.40 44 A7 068 )
Range 3.00- - Q78 A6~ e 4
13.00+ A7 84 220 m
| = straight; 2 = swept; 1 = dolta; 4 = variable sweep.
"Classifled.

*Not available.
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Table Be

AIRCRAFT CHARACTERISTIC VALUES: PROGRAM

No.of Maximum
Tooling New Engine Experience Type

Contractor  Program

_@h‘craft Aircraft.  Capabllity r?ga_l_lgmtor _Denignator Designator

Test
A-3 b
A4 ]
A-b 11
A-8 8
A7 7
A-10 8
B.-62 13
B-68 30
B/RB-66 14
C-b 10
C-180 ]
(C-143 10
KC-186 8
C-141 b
F3D 13
F3H 18
F4D 13
T4 7
F-14 12
F-16 20
¥-18 10
F-18 13
1.86 12
F.88 §]
F100 14
F-101 117
F102 31
F-104 19
F-100 16
F-108 20
¥l i8
8-8 8
T-38 14
'1'-38 4
Mean 1t
Std. dev. 7
Range 4-31

*Not uvailable.

40

20

20

(n)
30
26
60
20
b
20
17
20
21

24

b

17
12
2-50

1 2 2
1 1 2
1 2 1
2 2 1
1 1 1
1 2 2
2 1 2
2 2 1
2 1 1
2 1 1
2 2 2
2 1 1
1 1 2
1 1 1
1 2 2
2 1 2
2 1 2
1 1 1
1 1 1
2 l 1
1 2 2
2 1 2
] 1 2
1 2 2
1 1 2
1 1 |
1 2 1
2 1 2
2 1 1
t 1 |
2 2 !
2 2 1
1 2 2
2 ! 2
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1. The C-130 and C-133 are turboprop aircraft, while all other
sample aircraft utilize turbojet or turbofan engines.

2. The KC-135 was designed and produced more or less con-
currently with the commercial 707 model.

3. The B/RB-66 was produced concurrently with the A-3, the
aircraft from which it evolved.

4. The F-102 did not meet its speed performance apecifications
until after a major redesign.

6. The F-106 and A-7 were outgrowths of the F-102 and F-8 pro-
grams, respectively.

6. The F-111 was the iirst aircraft for which commcn Air
Force/Navy usage was made a requirement at inception.

7. The B-58's utilization of honeycomb skin panels represented a
major state-of-the-art advance.

8. The C-5 program utilized the acquisition concepts of total
package procuremrent and concurrent development and pro-
duction.

9. The A-10 program utilized competitive prototyping and
design-to-cost acquisition concepts.

Cost Data

The cost data used in this study were obtained from both govern-
ment and industry sources. As atated previously, data plots for each of
the major cost elements (engineering, tooling, manufacturing labor,
manufacturing material, development support, flight test, and quality
control), as well as total program cost, are provided in Appendix A.!
The relative importance of each cost category is shown in Table 9 as a
function of production quantity. As one might expect, the labor,
material, and quality-control elements become increasingly important
as quantity increases, while engineering, tooling, development support,
and flight test hecome less important. Clearly, other thing* being
equal, one would want the estimating relationships derived for the two
manufacturing categories to be the most accurate because of the rela-
tively large contribution of these categories to program cost.

In previous RAND reports on airframe cost estimation (Refs. 1, 2, and 3),
proprietary restrictions prevented the inclusion of any cost information whatsvever. How-
ever, for this update, we felt that it was valuable to be able to visually establish relation-
ships amony; the observationa. Consoquently, we obtained permission from the manufac
turers o pro-ide the cost data in graphical format. We were not given permiesiop to
present the data in tabular format, nor did we roguest such permussion.
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Table
COST-FLEMENT DISTRIBUTION, BY PRODUCTION QUANTITY*

Quantity
25 50 100 200
Element $/Ith % 8/bb % Sb* % Y %
Engineering 220 28 131 22 4 10 42 1B
Tooling 173 19 104 18 62 18 38 13

Manufacturing labor 230 25 176 30 135 34 102 38
Manufacturing material 87 9 T4 12 63 18 B85 20
Davelopment support 86 9 43 (] 6 11 4

Flight test 93 10 47 8 23 6 12 B
Quality control 26 3 19 3 16 4 12 )
Total 923 100 594 100 305 100 271 100

*Averages for full estimating sample (34 aireraft).
*Cumulative average costs (in thousands of 1977 dollars) per pound of
airframe unit weight,

MISSION SUBSAMPLES
Alreraft Characteristics

Tabla 10 provides an indication of how aircraft characteristics vary
with mission type. As one wouid expect, the fighter and attack aircraft
are roughly comparable in size; the bombers and transports are much
larger. In terms of combat engagement characteristics (speed, climb
rate, and deeign ultimate load factor), the ordering (from low to high)
is bomber/transport, attack, and fighter; for payload capability (useful
load fraction) the order is reversed. In terms of the two packaging
ratios (ratio of [EW-AUW] to AUW and ratio of avionics weight to
AUW), the attack and fighter aircraft are essentially equivalent, while
the bomber/transport aircraft are significantly lower. On the nther
hand, the bomber/transports have, on average, substantially more
black boxes than do either the attack or fighter aircraft. Finally,
planned production rates for attack and fighter aircraft are, on average,
roughly twice those of homber/transport a’tcraft.

Cost Data

Airframe costs per pound, by mission type, are shown in Table 11,
As one might expect, the relatively light, fast fighters are the most
expensive per pound, while the large, relatively slow bombers and
transports are the leust expensive. The data also indicate that, on
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Table 11
AIRFRAME COS'T8, BY MISSI1ON TYPE*

- Bomber/ Attack
Fighter  Transport  Alroraft

Elament Subsample Subsample Subsample
Number of obsorvations 17 8 7
Average airframe unit weight, Ib 15,158 06,167 16,379
Average apeed, kn 932 548 605
Coat distribution, 8/1b® (%)
Enginesring 149 (21) 43 (18) 114 (22)
Tooling 104 (15) 46 (17) 70 (13)
Manufecturing labor 219 (31) 100 (87) 185 (36)
Manufacturing material 94 (13) 61 (19) 74 (14)
Development support 56 (8) 9 (3) 28 (5)
Flight test 59 (8) 10 (4) 28 (8)
Quality control 29 1) 11 (4) 2 @)
Total 710 (100) 270 (100) 619 (10_9_

*Avorages for individunl subsamples.
*Cumulative average ousts (in thousands of 1977 dollars) per pound

of alrframe unit weight at a quantity of 100.

average, the fighter and attack programs tend to put relatively more
emphaais on the development phase (engineering, development support,
and flight test) than do bomber/transport programs and relatively less
on the manufacturing phase (tooling, labor, and material).

CHANGES OVER TIME

As will be discussed in Secs. V and VI, in our analyses of both the
full estimating sample and the fighter subsample, we noted that severnl
aof the derived equations tended to underestimate the costs of the most
recent sample aircralt. We believe this 18 a result of the combined
effects of numerous design-related and institutional changes that have
occurred over the 1948-1978 time period (e.g, the increased emphusis
on electronics, along with changes in materials of construction,
manufacturing processes, and the regulatory f(rumework), We ori-
ginally planned to develop specific messures that would reflect these
changes, but this approach did not preve to be as successful as we had
hoped it would be. For muny of the .aore abstract concepts, we could
not develop unambiguous measures. And even where relatively unam-
higuous measures could be developed and tested, the resulls were mar-
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ginal at best. Consequently, two alternative approaches were investi-
gated:

1. Deletion of older, less relevant aircraft from the sample.
2. Incorporation of a time variable (date of firat flight) into the
equations that exhibited the underestimation problem.

In trying the first approach, we deleted all aircraft from the sample
with first flight dates prior to 1980. To provide some limited insight
into the types of changes that have occurred, aircraft cost and
weight/speed characteristics for the pre-1960 und post-1960 time
periods are compared in Table 12,2

At first glance, it appears that average program costs actually
decreased (from $407/lb to $384/lb). However, closer examination
reveals that this conclusion is driven by two very large transport air-
craft, the C-141 and the C-5 (for a given quantity of aircraft, the C-141
and C-b account for roughly two-thirds of the total post-1960 airframe
unit weight produced). Excluding these two aircraft results in a 78 per-
cent increase in per pound costs. Further analysis of the individual
subsamples suggests that the increased costs are largely attributable to
fighters, which increased in both average speed and average size by
roughly 60 percent, The fighter and attack aircraft data also suggest
increased emphasin on engineering and development support, and the
fighter data show considerably higher costs for manufacturing materi-
als and development support.

“The choice of 1860 as a breakpoint does not imply & hard-and-fast distinction
between the pre-1960 and post-1980 alrcraft. Rather, it represents a balance between
deleting older, potentinlly less relevant observations and attempting to maintain an
acceptable sample size,



IV. APPROACH

Potential explanatory variables have been divided into four general
categories—size, performance, conatruction, and program (see Table 2),
Ideally, an airframe cost estimating relationship would incorporate at
least one variable from each category, but from a practical standpoint,
concern about collinearity among the size and performance explanatory
variables led to a limit of one explanatory variable that could be incor-
porated into an estimating relationship from any single category.’
Thus, there could be as many as four variables per equation, but no
more than four, For a relatively large sample, such as the all-mission
dataset that has 34 observations, the possibility of four variables per
equation does not cause any concern (for a sample size of 34, the
resulting equation would still have 29 degrees of freedom with which to
estimate the error term). On the other hand, for very small samples,
such as the bomber/transport subsample (8 observations) and the
attack aircraft subsample (7 observations), the possible incorporation
of four independent variables does not seem to be particularly prudent
(the resulting equations would have only 3 and 2 degrees of freedom,
respectively, with which to estimate the error term), Therefore, we
tentatively limited the potential number of explanatory variables for
these two subsamples to two. Then, in order to stay between the
extremes, the number of explanatory variables per equation for the
fighter subsample (17 observations) was tentatively limited to three.
These limits are summarized in the following table:

Number of Limit. on Number of
Sample Observations  Explanatory Variables/CER?
All misnion typos 44 4
Fighter aireraft 17 H
Bomber/transport aireralt 8 2
Attack alrcraft 7 2

!8trictly speaking, concernin about collinearity in the size nnd perfurmance categorios
should not limit the number of explanutory varlables considered in the construction and
program variable categories. However, the limit was extended to these other two
categories to keep the analytical effort within reasonable bounds, Even so, as the subse-
quent analysis will show, the pussibility of more than one construction variabie or one
program variable per equation {8 a moot polnt: It wus difffeult to identify acceptable
equations incorporating even one construction variable or one program variable,

“This is not Lo suggest that these limits are “absolute” maximums- they are not.
They simply reflect our judgment regurding un uppropriate balance between snmple sizo
and the potential number of explunatory variables,

34
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Given these limitations, the question then became one of which
combinations of categories to consider. To the best of our knowledge,
all airframe manufacturers use some measure of size (usually weight)
ag their basic scaling dimension in developing cost estimates, although
other factors frequently do enter in, Consequently, it dzes not seem
unreasonable for us to cssume that a size variable must appear in all
equations,® Ciiven this additional restriction, the specific variable com-
binations we exumined for each sample are shown in Table 13,

An additicnal complication arose from the fact that we were not
developing a single CER, but a set of CERs. Normally, the develop-
ment of a representative set of CERs would require selecting the “best”
equation for each cost element. However, past experience indicates
that the resulting equation set would contain different size and perfor-
mance variables (e.g., the engineering CER might utilize airframe unit
weight/specd, while the tooling CER uses empty weight/climb rate).
This would give the analyst the unenviable task of trying to explain
why one size/performance variable combination predicts cost more

Table 13
VARIABLE COMBINATIONS EXAMINED*

Sample
Full Bomber/ Attack

BEutimating  Fighter  Transport  Alrcraft

Sample Sample Sumple Sample

__ Variable Comblnation Group" (Max. = 4)  (Max.=3) (Max=2) (Max.« 2)

1. Combinations incorporating

size and performu. ice 8 S 8 8

variables only S/p S/p S/p S/pP
2, Combinations that 8/p/C 8/p/C 8/C s/C

ndditionally incorporate S/8/PG s/p/pa S/PG S/PG

construction/program s/p/C/PG 8/C

vatiables S/PG

3. Combinations that

additionnlly incorporate

fighter technalogy index S/p/1

S w gize; P = performance; O = construction; PG« program; T'1 = fighter tech-
nology index.

"The reason for these groupings (s explained in the nccompanying text.

Mixcept for the flight-test cost element, for which the mandulory variable wan the
number of test aircraft.
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accurately for one cost element while another combination predicts
cost more accurately for another cost element. Furthermore, variable
interaction (e.g., interaction between speed and rate of climb) would
make the user's input task more difficult. On the other hand, such
mixing of size and performance variables could in fact be the preferred
solution. Consequently, where applicable, two types of equation sets
have been developed: one that maintains the integrity of the aet size
and performance variables and one that utilizes the “best” equation for
such cost element regardless of the size or performance variables.

The first step in addressing the three study premises delineated in
Sec. I was to identify, by sample, all potentially useful estimating rela-
tionships for each cost element resulting from the variable combina-
tions listed above. For this first step, “potentially useful” included only
those estimating relationships in which all equation varlables were sig-
nificant at the 5 percent level, Each equation satisfying this initial
screening criterlon was then scrutinized in accordance with a set of
evaluation criteria dealing with statistical quality, reasonableness of
results, and predictive capability (described below).

At this point, we addressed the marginal benefit of adding a
construction/program variable or an objective technology index to the
estimating relationships. This was done by comparing the estimating
relationships in variable combination groups 2 and 3 (see Table 13)
against the corresponding “baseline” estimating relationships in group
1. Assuming that everything else was roughly comparable, the primary
meusure used tu assess the benefit was the improvement in the stan-
dard error of estimate when the construction/program variable or tech-
nology index was incorporated.

The next step was to develop, for each sample, the two types of
alternative equation sets discussed previously. For the first type, this
consisted of selecting the “best” estimating relationship for each of the
“most promising” size/performance combinations for each cost ele-
ment, For the second type, it consisted of selecting the single “best”
estimating relationship for each cost element. Generally speaking, we
tried to select estimating relationships that satisfied the following
objectives;

Each variable is siguificant at the 5 percent level.
¢ Variables taken collectively arc significant at the 5 percent
level,
Credible results are produced.
There are no unusual residual patterns.
The standard error of estimate is minimized.
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We next selected a “recommended” set for each sample. This selec-
tion was based primarily on a comparison of the individual equation
standard errors of estimate and how well (in terms of relative devia-
tion) the sets as a whole estimated the costs of a subsample of four
recent aircraft,

Finally, the “recommended” sets of estimating relationships for each
mission sample were compared to the “recommended” set for the total
aireraft sample to address the issue of sample homogeneity,

Multiple-regression analysis was used to examine the relationship
between cost and the explanatory variables. Because of time restric-
tions, we tested only one equation form—logarithmic linear. The
linear model was rejected because its main analytic property, constant
returns to scale, does not correspond with real-world expectations. Of
the two remaining equation forms congidered (logarithmic and
exponential), the logarithmic form seemed most appropriate for the
cost estimation process, since it minimizes relative errors rather than
absolute errors. Also, a prior RAND study that examined the loga-
rithmic and exponontial forms in the context of airframe CERs con-
cluded that “the logarithmic model form appears more realistic than
the exponential form on both prior judgment and subsequent analysis
of the residuals.”

Cost-olement categoriea that are a function of quantity were exam-
ined at & quantity of 100, Developing the estimating relationship ai a
given quantity rather than using quuntity as an independent variable
in the regressinn analysis (as was done in Ref. 2) has the following
advantages:

o [t provides an extra degree of freedom.

o [t avoids potential serial correlaticr problems.

¢ 1t avoids unequal representiation of aircraft (caused by uneyunl
numbers of lots).

EVALUATION CRITERUA

The estimating relationships  obtalned in  this  analysis  wero
evaluatad on the basis of their statistical quality,” intuitive reasonable.
ness, end predictive properties.

1Ret. 22, p. B0,
i8tatintien wre hawed on the logithwie form of the equation,
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Statistical Quality

Even with the limitations placed on possible variable combinations
in this study, the potential number of estimating relationships is still
substantial. The numbers for the engineering cost element alone for
each sample are shown below:

Total sample, . . .. ..o 0oL, 387
Fighter sample. . . . ... ... ... 458
Bomber/transport sample . . .. .. 4B
Attack sample . ... v oo o0, 4B

To reduce the humber of estimating relationships requiring closer seru.
tiny, we used variable significance as an initial screening device--in
gueneral, only equations for which all variablos wore significant at the 6
percent lovel (based un a one-gicded t-test) were presented in our sam-
ple results (rupurted in the companion Notes), Occasionally, howsver,
this criterion was relaxed so that a useful comparison could be pro-
vided or so that the requirement for integrity of set size und perfor-
mance variables could be {ulfilled.

The following statistical measures and checks were ulso utilized in
the evaluation process and are presented in the companion Noten:

¢ The coefficlent of determination (R%) was used to indicate the
percentage of variation explained by tho regression eguation,

* The standard error of estimate (SE18) was used to indicate the
degree of variation of data about the regression equation, It is
given in logarithmie form but may be converted into a percen-
tage of (he corresponding bour v dollnr value by performing
the tollowing calealutions:

(a) (,‘H*‘d",l'l -1
(h) e-—Hl".I“v -

For example, u logarithmic standard error of 0,18 yields stan-
dard error percentages of +20 and =16 of the corresponding
hour or dollar value.

s The F-distribution was used to determine collectively whether
the explanatory variables being evaluated affect. cost. Genernlly
speaking, those eyuations for which ihe probability of the null
Lypothesis was greater than 0.056 were avoided when selecting
representative equation sety,

o We checked for potential multicollinearity problems by deter-
mining the correlation of each independent varable in an

— e —— et —— . . . e,
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eatimating relationship with all other independent variables in
that relationship. Generally, we avoided estimating relation-
ships with intercorrelations greater than 0.8,

¢ Plots of equation residuals were given cursory examinations for
unusual patterns, In particular, plots of residuals versus predic-
tions (log/log) were checked to make sure that the error term
was normally distributed with zero mean and constant variance.
Additionally, plots of residuals versus time (log/linear) were
examined to see whether or not the most recent airframe pro-
gruma were overestimated or underestimated Generally speak-
ing, estimating relationships with patterns were not considered
for use in representative equation sets,

» “Cook's Distance” was utilized to identify influential observa-
tions in the least-squares estimates.’ It combines individual
measures of residual magnitude and “location” within the factor
space to produce a measure of the overall impact any single
polut has on the least-squares solution, For purposes of this
analysis, an influential observation was one which, if deleted
from the regression, would move the least-squares estimate past
tho edge of the {0 percent confidence ragion for the equation
coefficients, When an observation was consistently identified
as influential, it was reassessed in terms of its relevance to the
sainple in question. If a reusonable and uniform justification
for its exclusion could be developed, the observation was deleted
from the sample and the regressions were rerun (in fact, this
occurrad  only whoen the B-h8 was  deleted [rom the
bomber/transport sample).  Otherwise, the influential observa-
tion was simply flagged to alert potential users to the fact that
its deletion from the regression sample would result in o signifi-
cant change in the equation coefficients.

Reasonabloness

Variable coellicients used in airframe CERs should both provide
credible results and conform whenever possible Lo the normal estimat-
ing procedures employed by the airframe industry, Thus, an estimat-
ing relationship with a variable coelficient siyn that was not consistent
with a priori nntions (see Table 14) was not considerad for inclusion in
a represontative equation set.

We also paid close attention to the mognitude of varioble coeffi-
cients Lo ensure that realistic results were obtained from all equations,

"See Rol, 21,
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Table 14

A PRIORI NOTIONS REGARDING EFFECT OF INCREASE
IN EXPLANATORY VARIABLE ON COST ELEMENT

Mfg.  Mfy. Dev, Flight Quality Total

Explanatory Variable BEngr. Tooling Lobor Materlal Support Test Cg_lﬁol Program
Sire
Alrframo unit welght (AUW) + * + * + + + +
Empty welght (EW) + + + + + + + "
Wotted area - + + + + + * »

Technical/performance factorn
Maximum speod

* * + ¢ + + + +
Speed claus + + + + + + + +
Specific power ¥ + + * + + * +
Maximum specific energy + + + + ! + + +
Climb rate + + + + + + + +
Maximum sustained lond fuctor + + + + + + + +
Thrust-to-welght ratio + + * + + + + +
Breguet range fuctor + + + + +
Useful load fraction + + + + +
Predloted first flight date

(technology index) + b + + + +
Predicted fvet filght date
(compunite performance) + + * + 4 + + +

Conatruction
Design ultimute load fuctor + + + + 4
Structural efficlency factor - - - - -
Currler capability desighatort * + 4 b + +
Engino location designator® - 9 - + "
Wing tyne designator® + + * + 4 +
Rutlo of wing area to wotted aren - - -
Ratio of (EW-AUW)/AUW + + 4 + + | +
Ratlo of avionles vwoght to AUW 4+ + + + + 4 +
Number of black hoxes + + 4 + 4 4 +

Proyram
Numbor of test alroraft +
Maxhinum tooling eapablility + - 9
Now engine deslgnator' + . ?
Contractor experience designntor’ [ [ 4 + ' ’ [
Wenpon syatem designntor + 4 + ¥ v + 4 +
Program type designator " ” " n !

NOTE: A plus indicates a positive offeet; nominus, o negntive effect, An offect thint was thouht
to e noegligible i indicated by w blank, and o0 uncertali effect iv indivated by a question mark.

*Speed clusn: | = loss than Maeh B06; 2 = Ivinch 06 to Mueh 1Lod: 3« Mach 195 to Mach 2.0, 4
greater than Mach 2.5,

"Low valuok are more difficult to schivve,

‘No w1 you = 2,

‘Engine location: embedded in tuselege = 15 in nacolles under wing = 2.

'Wing typos: 1~ stralght; 2 « swont: 3 o delin: 4 = viriable sweop.

"You w 1; o = 2,

Comourrent = 1 prototype = 2

"Over tine, major asaemibily labor hourn have tendwl to decrease becnune ol improvimenta in
munufaeturing methods (g, unitized designd, while tabrieation labar hours have tended 1o Inereane
hecaune of the introduction of titaniom and composite materinls, The ney effeet hos Leen o deeroane
in manufaeturing hours,

Tt 1w not known whether total comt (ineluding both pratotype effort snd full scale developuent) for
prototype prograttk i grenter or lews Qua tiat for conenrrent programs

—— ——
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This applied to coefficients that appeared to be too small as well as to
those that appeared to be too large. The situation is especially critical
with respect to dummy variables (e.g., the contractor experience desig-
nator), where the answers are most often given in terms of all or noth-
ing. While most determinations of this kind are subjective, there was
one application that was relatively objective, Traditionally, size vari-
ables provide returns to scale in the production-oriented cost elements
(tooling, labor, material, and total program cost)—that is, increases in
airframe size are accompanied by less-than-proportionate increases in
cost.” If the opposite phenomenon is observed, it is generally helieved
to be the result of failing to adequately control for differences in con-
struction, materials, complexity, and/or other miscellanevus production
factors. Consequently, we generally tried to avoid estimating relation-
ships containing variables with exponents that we felt were either too
large or too amall (that is, expononts that placed either too much or
too little emnphasis on the parameter in question). But even more re-
strictively, for the production-oriented cost elements, no estimating
relationship possessing a size variable enponent greater than one was
considered for a representative equation set,

Predictive Propertien

Jonfidence in the ability of an equation to accurately estimate the
acquisition cost of a future aircraft depends largely on how well the
acquisition comts of the most recent sircraft in the database are
eatimated, Normally, statistical quality and predictive quality are
viewed as one and the same. Unfortunately, when dealing with air-
frame costs, this is not always the case, because our knowledge of what
drives airframe costs is limited and because the sample sizes we are
dealing with are relatively sma!l and not evenly distributed with
respect to first flight date (see Fig. 3).* Consequently, we also
evaluated the estimating relationships on the basis of how well they
entimated conts for u subset of the most 1ecent sircrafl in the databuse,

An equation’s predictive capability can usually be seen by excluding
a few of the most recent aircraflt from the regression and then obsoerv-
ing how well (in terms of the relative deviation) the resultant equation
estiniates the costs of the excluded aircraft. However, in this case, the

"Phin concept. dates back to the early 19408 and the so-ealled ARCO fuctor (which
took its name {rom the World War 11 Alreraft Resources Control Otffice).

f0nly nirceaft in the RAND airframe cont databuse nre reflected in this (igurs, Firat
flighin of madifieation siretaft, alrernft that never entered production (e, the F-107),
and recont gireraft for which a production quantity of 100 has not yet heen reachod (0.g,,
the B-113) are specificatly vacluded
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Attack alrcraft
Bomber/transport airoraft
Flghter alrcralt

Trainer aircraft

Number of first fights
-

A
2
1
nlan:
1965 1470 1975 1980
‘fear

Fig. 3-—Number of tirst flight events, 194R-1978

small sarmple sizes preclude this option. Consequently, the measure of
predictive capability used in this analysis war the rclative deviation for
a subset of recent sample aircraft. The relative deviations were deter-
mined on the basis of the predictive form of the equation, not the loga-
rithmic form used in the regression.”

SUPPORTING DOCUMENTATION

The companion Notes (see Preface) provide sufficient inform stion to
enable users to make their cwn judgments concerning the appropriate-
niess of the “recommended” set. The Notes contain:

o Plots of cost versus airframe unit weight for each cost element.
s Summary tables, by cost element, of all estimating relationships
nieeting our initial screening criterion (each variable signiticant

YIf cou in esthnated in o log-linear form such as

In COST - 8y 1+ iy In WEIGHT | 8y m SPEED 1 In o,
the expected cost is given by
CoST - (o" WEIGHT " SPEED ™) x o 778,

where o is the netual variance of ¢ in the lop-linenr equntion. Since the actual variance
is not known, the standard error of estimate can be used s an approximation (see Ref.
9, p. 44)

L b 44).
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at the 5 percent level). Additional inforination includes the
F-ratio, coefficient of determination, standard error of estimate,
number of cbservations, intercorrelation threshelds, identifica-
tion of residual patterns and influential observations, and com-
ments on the reasonableness of resvits (sign and megnitude of
variable coefficients).

The presentution of all equations meeting cur initial screening criterion
serves two purposes., First, it enhances understanding of thu factors
that affect airframe costs (e.g., those characteristics that are significant
in the rontext of tho variable combinations investigated). Second, i*
provides alternatives that may he better suited to a particular situation
than the recommended set. Clearly, the selection of a “recommended”
set for each sampls is by natr-ra subjective, Consequently, our “recom-
mended” gets should be viewed only as possible solutions. All relevant
results should be reviewed before & course of action is selected.



V. FULL ESTIMATING SAMPLE RESULTS

RECOMMENDED SET OF CERs

Generally, for each of the airframe cost categories, we were able to
{dentify at least a half-dozen potentially useful estimating equations.
Nevertheless, we selected one set of aquations, which we considered to
be the most representative und applicable to the widest range of
estimating situations.! This set, which utilizes empty weight and speed
as the basic size/performance variable combination, is presented in
Table 15,

The estimating relationships in Table 15 are based on a subsample
of only 14 aircraft. We chose nut to use the full sample because obaer-
vations made during the course of the analysis raieed questions con-
cerning the applicability of some of the older aireraft in the sample to
aircraft of the future. More specifically, the engineering, menufactur-
ing material, development support, flight-test, and total program CERs
tended to underestimate the costs of the most recent aircruft. An addi-
tional analysis of post-1960 aircraft indicated that this subsample
would be a better guide to the future.

The estimating relationships in the recommended equation set vary
significantly in statistical quality., Four of them have standard errors
of estimate of about 0.30, while the other three have standard errors of
estimate uf about 0.50 or greater. None of the equations meets our
standard-error-of-estimate goal of 0.18.2 On the other hand, the lowest
standard errors of estimate in the set are associated with cost elements
(tooling, labor, and material) that typically account for 66 jercent of
total program cost at a quantity of 100; at a quartity of 200, these ele-
ments account for 71 percent., Finally, despite the sample stratifica-
tion, there is still some tendency for the engineering, development sup-
port, and total program cost equations to underestimate the costs of
the most recent sample aircraft.

st e

'The complete analysia of the full estimating eample is provided in Nota
N-2283/1-AF, Aircraft Airframe Cost Estimating Relationships: All Mission Typea,

%4 vaiue of 0.18 (roughly 20 percent) ms & goal may seem high. Howeves, past
RAND experionce (sec Refs. 1, 2, and 3) indicates that tie derivation of an airfrome
CER with this low a standard error of estimate would be quite an Accomplishment,
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Table 15

SET OF AIRFRAME CFRRs BASEL ON SAMPLE
OF 18 POST-1960 ATRCRAFT

R Equation R* SEE F N
‘ CERs for Individual Cost Elements

' ENGRyy, - 0108 EW(Z, SP{, M2 86 13 13

f TOOLyg = 0201 EW(%h SPES, 62 25 B8 13

LABRyy = .141 EW/S, Sp(%, 88 81 88 18

_ MATL, = 241 EW{, SPER, 81 80 81 13

,' , DS « 051 BWSHD, SPLY, 54 B2 6 13

PT - 687 EWW, sPil, TESTACH, 83 48 15 13

N QCypy = 076 x LABRy [f narge - e - 8

w 133 » LABR,y If noncargo —~ e == 11

CER for Total Program Coat

PROGy = 287 EW(i, SPHY, 45 38 20 13

NOTE: Airframe costs may bo estimated at the mejor cost-eloment
leval or, alternatively, directly at the program level.

R? = cosfficient of determination; SEE » standard error of sstimate
(logarithin); F = F-statistic; N = snmple size. Numbers in parenthieses
are algnificance levels of indivicdual varlables, Notatlon in equations is
defined in the list of Acronyms and Abbreviations (p. xili).

Suggested cost-quantity slopes and labor rates to be used in conjunc-
tion with this set are provided in Appendix D.

CONSTRUCTION/PROGRAM VARIABLES

Our attempts to incorporate construction and prograin characteris-
tica were not successful. Although variablee characterizing the equip-
ment placed within the airframe structure and contractors’ relevant
experience were frequently found to be statistically significant, they did
not, as a rule, result in any substantial improvement in the quality of
the equations. In most cases, the equations incorporating such vari
ables did not produce results that we viewed as credible. Moreover,
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even in those few instances where the equations did produce credible
results, the reduction in the standard urror of estimate was never mare
than two or three percentage points.

COMPARISON WITH DAPCA-III RESULTS

Overall, the statistical quality of the set of sirframe CERs presentod
here is not muvh different from that of the previous set of RAND-
developed airframe CERs (DAPCA-1ID.! A comparison of the stan-
dard errors of estimate of the two sets (Table 16) yields mixed results:
Thosee of the current set are lower for the tnoling, labor, and material
cost elements, buv higher for engineering, development aupport, and
flight test. Furthermorc, there is little difference in the accuracy with
which the two sets project the costs of the subsample of 13 post-19€0
gircraft (see Table 17), However, since only two of the current
equation-set estimates fall short of the corresponding DAPCA-III esti-
mates (see Table 18), and the shortfalls are both small, it is not unrea-
aonable to suggest that the current equation set will produce estimates
that are greater than or uqual to those produced by DAPCA-IIL,

Tablo 16
COMPARISON OF 8TANDARD ERRORS OF ESTIMA'I'E:
DAPCA-III AND CURRENT RECOMMENDED BT
e e et e e e e Stan dnrd Enorof”
Eatimate (log)

Cost Bloment o DAPCA-TI Currenl.

Engineerirg .28 .66
Tooling .41 026
Manufaeturing lebor .14 0,41
Manufucturing matorial 0.6 0.130
Development aupport 0,72 0.82
0.66"
Flight test 0.44 048
Total program 0.27 0.36

*Labot component of development support,
"Maivrial component of development support.

*The DAPCA-IL estimating relationships are given in Appendix C.
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Table 1%
RELATIVE ACCURACY OF ESTIMATES OBTAINED USING
DAPCA-III AND CURRENT EQUATION SETS

(Percent by which actual cost exceeds (+)
or falls short of (~) eatimated coat)

Sum of Elements Total Program CER

Alrcraft DAPCA-INI Current DAPCA-II1 Current
A-8 +11 0 +10 +0
At -84 86 - 86 -85
A-10 +16 +13 +17 +16
C-b +1% +4 +14 + b
C-141 -43 =04 ~-48 -87
F-4 +7 -14 + 2 -18
F-111 +17 + 2 +18 +7
14 ~ 1 -22 -1 ~-20
+ =15 +6 - B
P18 -8 ~24 -13 ~20
F.18 +30 +33 +34 +36
138 ~36 -37 -40 -39
S-3 +44 +38 +45 +40
Average of absolute values 26 27 26 21
Number underestimated (+) 8 b 8 b
Number overestimated (=) B 1 b i

Table 18

COMPARISON OF ESTIMATES OBTAINED USING DAPCA-III
AND CURRENT EQUATION SETS

' Percont by Which Current Set
Ratimate Exceods (+) or Falla

Characteristion Short of (=) DAPCA-III Estimate
Alrframe
Unit Empty Total

Welght  Welght  Speed Sum of Program
Alrcraft (1 {ib) (kn) Elementa (CER)
A-8 17,160 26,208 61 +13 +11
AT 11,821 16,497 15! + 2 0
A-10 14,842 19,866 180 + 2 + 1
C-b 279,146 320,086 49h 48 +10
C-141 104,322 136,800 491 +18 +1h
F-4 17,220 27,630 1,222 +21 +18
P11 33,160 46,170 1,262 +17 +11
F-14 28,600 36,826  1,000+* +14 + 4
¥-15 11,660 26,798 1,0004* +26 +14
P18 8,680 14,062  1,0004* +14 +
F-18 16,300 20,683 1,000+ + b -4
T-39 7,027 9,7h1 468 + | -1
8.3 18,636 26,681 420 +10 + 0

'.A&ualm\.fulue in cl-un.n;\ﬁed.

47
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INCORPORATION OF A TIME VARIABLE

As stated previously, the engineering, manufacturing material,
development support, flight-test, and total program CERs for the full
sample tended to underestimate those costs for the most recent sample
aircraft. Qur preferred response was to limit the sample to post-1960
aircraft. However, another approach is possible: the incorporation of a
time variable into those equations that exhibit a pattern of underesti-
mation. Our analysis of this option is described below,

The use of a cumulative time variable in a CER is not a new idea
(e.g., see Refs. 3 and 4). Such measures are typically utilized when it is
not otherwise possible to characterize the changes in cost that have
occurred over time, A time variable invariably captures the combined
effect of shifts in many diverse factors, including the regulatory frame-
work, aircraft “cuality” (factors noti directly related to speed such as
maneuvering capability, the materials of construction, and the level of
system integration), and improvements in production technology and
labor productivity. Consequently, when using a CER equation that
incorporates a time variable, the analyst must ensurs that the same
factors will be operating in the future, and that they will operate in the
same manner. Clearly, the opacity of such time variables makes this a
nontrivial tugk.

The specific measure of time we examined in our analysis was the
aircraft’s date of first flight (in months since January 1, 1840). After
examining the relevant full-sample residual plots, we looked at two
forms of the first flight date (FFD)—linear and logarithmic. Given the
logarithmic form of the dependent variable, the linear form of FFD
results in an accelerating rate of coat increase (assuming a first flight
date coefficient greater than zero), while the logarithmic form of FFD
results in a decelerating rate (assuming an exponent of less than onu).
Unfortunately, we have no a priori notions with respect to whether the
rate of increase is increasing or decreasing,

The results of our analysis are summarized in Table 19. As indi-
cated, from a statistical standpoint, the two sets are essentially identi-
cal. Furthermore, all of the time-related residual patterns have been
oliminated, and with the exception of the tooling equation, both sets
have standard errors of estimate that are either roughly equal to or
better than those of the 13-aircraft post-1960 equation set (see Table
20).

In short, the introduction of a time variable solves the underestima-
tion problem and generally results in CERs with standard errors of
estimate lower than those of the recommended equation set. Unfor-
tunately, there is one major difficulty-—we are unable to say which of
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Table 19

EQUATION SETS INCORPORATING ALTERNATIVE FORMS

OF TIME VARIABLE

Equation R® S8BE F N
. Part A: Linear Incorporation of liirat Flight Date .
ENGRyy, - 00851 EW0i, SPHM, e < HD B4 37 54 34
TOOL,, = 0691 EW/] SPA, 8 38 56 34
LABRy, = .172 EWH, SP{Y, 87 20 103 a4
MATLyyy ~ 108 EW{ith, SP{l, o) * "V 80 20 93 3
DS - 00893 EWIH) SP(lh s > K15
FT - 00718 EW{ly SPil TESTACHN, ol =" 70 &2 27 84
QCipp = 086 x LABRy, if cargo — e e
w 187 x LABR,, I noneargo - -~ 19
PROGy = 282 BWE SPHR, ot ~ 1V 8921 T8 M
... PurtB: Logarithmic Incorvoration of Firet Filght Dato
ENGR,yy - 000166 EW SBIRL FRDIE, 84 .88 b4 84
TOOUy, - 0891 EW/ i, Sl JROA0 Bh M4
LARR, - 172 BW/AS Qi H72010h
MA T Ly - Q0700 WL SPA, FED K17 LT S 1
DS - 000466 BWE SPLYL FEDAT, K T T W]
T 000271 BEWATL SPIRS CTRSTACT, RIDS R R U (T R
QUL -~ 08D - DANR 0 i enorpo gl
A2 LARIG i namearpo {4
PROG 47 BWSL SIS WD bl HO0T M
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Table 20
STANDARD ERROR OF ESTIMATE (LOG)

34-Aircraft
13-Aircraft 34-Alroraft Sample with
Post-1960 Sample with Logarithmic

Cost Element Sample Linear FFD FFD
Enginesring 0.58 0.37 0.38
Tooling 0.26 0.36 0.36
Manufacturing labor 0.31 0.20 0.20
Manufacturing material 0.30 0.29 0.28
Development support 0.82 0.73 0.73
Flight test 0.48 0.62 0.50
Total program cost 0.36 0.27 0.27

the two FFD forms will more accurately reflect future industry experi-
ence, The atatistical analysis, which included an examination of resid-
uals, indicated that the two sets are virtually equivalent in terms of
explaining the variation within the database. The inability to distin-
guish a preferred variable form has significant implications for estimat-
ing the costs of future aircraft. As illustrated in Fig. 4, for an aircraft
with a projected first flight date of 1995, the difference in assumptions
(linear FFD vs, logarithmic FFD) leads to a difference in estimated
cost of roughly 50 percent. Because of this large variation, we do not
recommend use of either equation set incorporating the time variable.
We feel it more judicious to use the squation set without a time vari-
able and to explicitly identify potential changes, estimate their likely
effect, and then adjust either the equations or resulting estimates
accordingly,
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4500 Alrcraft characteristios (hypothetical):
4,200 |-
Empty welght = 27,000 Ib Linear FED
3,800 Spaad = 1,260 kn (Table 19)
- No. of test airoraft = 10 k
B 3,600 |- N\
= |t———- Range of databagse ——m}
E 3000 -
@
S 2,700 =
E 2,400 |~ -
E 2100 |-
g 1,800 |~
g 1,800 - Recommended
[ aquation set
g 1200 - (Table 18)
q 900 P
8 L+~ =~ Log transform
800 of FFD
300 | {Table 19)
0 B | ] | 1
Jan Jan Jan Jan Jan Jan Jan
1940 1860 1880 1070 1880 1800 2000

Fig. 4—Total program cost as a function of time
(based on sum of individual elements)




V1. FIGHTER RESULTS

RECOMMENDED S8ET OF CERs

The recommended set of fighter airframe CERs (Table 21) utilizes
only one variable—airframe unit weight—and is based on a subsample
of six poet-1960 fighters,! This equation set provides results that we
bslieve to bs more credible than those produced by multiple least.
squares regression analysis of the full 17-aircraft fighter sample. Busi-
cally, we were not entirely satisfied with the results of the regression

Table 21

SET OF AIRFRAME CERe BASED ON SAMPLE
OF @ POST-1060 FIGHTERS

ENGR,,, ~ 281 AUW
TOOLyy, - 138 AUWH
LABRg =~ 254 AUW™
MATLy = 43.3 AUWSE®
DS - 76 x ENGRC,

P e 27100 1RSTACH
QU - 142 LARR,,,

PROG - 600 ALIWHY

NOTIS: KENGRC, et be estimaled ns (ollowss
BNGRC, « A70 < KENGRyy, x $27.50. he,  whore
A0 dv the uwonrecurring portion of the total
ongineering effort for the fiest 100 wiveenft, ond
$27.60 is Lhe fully burdened hourly  ongineering
enta in 1977 dolles,

Buggested cost-quantity slopes and labor rawes
to be uned in vonjunetion wich this set nre provided
in Appuendis D).

"I'he complote fighter unalysie s provided in Note N-22R3/ 2B, Aireraft Airframe
Cost Estimating Relationships: Fighters

b2
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analysin of the full {ighter sample. We were ahle to identify only & sin-
gle accéptable eatimating relationship for both the labor and material
cort, vlements (which together account for roughly 80 percent of total
cost), and in neither case did the relationship include a performance
variable. ¥uttbermore, during the course of the analysis we identified a
tendency for all the fightars except one to cluster by time period, as
shown in Fig. 8. (The F-18 is the exception to the clustering pattern,)
Unfertunatety, we wero not able to adequately address the underlying
causes of this cluateriug. But since these CER3 ave intended primarily
for prediction and not for historical analysis, it wwemed quite logical to
tuke advantage of the clustering ohservation, In short, the post-1960
fightors appesred to be a better guide to the cowsts of future fighters
than did the {ull fighter samnple.

7.0 b~
& 6H - [
F4D FA02 N
K106 ®
6_6 -

® F101

Pogt-1860
fighters

8.4 fo-

19541986 tightary

of airframe unit weight (CAat Q = 1

6.0 b

Naiurai tcganthm of total program cost per pound

® 100

e Prai8b4
lightors
| ]

8.0 0.5 10.0 10.5

Fan

Natdaral logarithm of airframe unlt wolght

Fig b--Typical fighter cluster pattern
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Since there were only six observations in the post-1960 sample, one
of which was always an outlier and another of which was occasionally
an outlier, the equations were determined by subjectively fitting a line
to the plot points and then backing into the initial coefficient and vari-
able exponent. The fitting for each cost element was based on a single
variable, airframe unit weight (except for flight test, where the number
of test aircraft was utilized). The ranges of characteristic valves of the
six fighters are shown below:

Post-1060
Charaoteristic Database Range
Airframe unit welight, Ib 9,568 - 33,160
Emply welght, b 14,062 - 46,170
Speed, kn 1,000+ - 1,280+
Speeific power, hp/ib 194 - 4+
Climb rate, ft/min 11,600 - 80,000+
Number of flight-test airoraft 7T - 2

Note that while specific power and climb rate still vary over a fairly
large range, the range of spoed values has become fairly narrow.

CONSTRUCTION/PROGRAM VARIABLES

With the exception of a varieble thut distinguishes the older Eghters
(which were essentially gun platforms) from the more mode.n fighters
(which have sophisticated fire control and missile armament), our
attempts to incorporate construction and program charactevisiics were
nnt successful, Although several of the varicbles characterizing equip-
ment placed within the airframe structure were found to be stutistically
significant, they did not generally result in any subsiantial improve-
ment in the quality of the equations. In most cases, the equations
incorporating such variables did not produce results that we viewed as
credihle. Moreover, even in thowe few instunces where the equations
did produce credihle results, the reduction in tlie standare error of esti-
mate was never more than two or three percentage points.

TECHNOLOGY INDEX

We were able to identify only one equation (that for the engineering
cost) in which the objective technology index (PFFD) was significant ut

S b b s el e
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the 6 percent level in the context of the tested variuble combination
(size/performance/technology index):
R' SEE F

ENGRjgy = 00242 AUW},&&)) SPPWR(%%) PFFD(%%) 7 18 134

whore
AUW w girframe unit weight (lb)
PFFD = predicted fizst flight date (months since January 1, 1940)
SPPWH, = specific power (hp/ib)

However, the correlation of AUW and SPPWR with the technology
index iy greater than 0.9. Furthermore, the equation offers little
advantoge (in terms of the standard error of estimate) over alternative
forms that do not have the technology index. We conclude that this
index, ag now defined, le of little benefit to fighter airframe CERs.
'This measure is really a composite performance variabie and conse-
quently very highly corre! .1 with most of the performance variables
we tosted; when treated ; 1 performance variable rather than as a
technology index, it is about as good an explanatory variable as speed

end speoific power,

COMPARISON WITH FULL ESTIMATING SAMPLE
EQUATION SET

Table 22 compares how accurately the iull estimating sample equa-
tion set (Table 15) and the fighter subsample equation set (Table 21)
estimate the costs of the six post-1880 fighters, On an overall average
basis, the fighter equation set does slightly better. However, the two
sets differ considerubly with respect to which will produce the higher
estimate. As shown below, the fighter equation set produces considera-
bly higher estimates than the full sample equation set for the F- 16 and

F-18:

Porcent by Which Fighter Sct Futimate
Excoeds All-Miasston Set Entimate

Suw of Total
Alreraft  Plements Program CER
F-18 8 3

F-18 22 %

—_—— e —
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Table 22
RELATIVE ACCURACY OF ESTIMATES OBTAINED
USING FULL ESTIMATING SAMPLE AND
FIGHTER SUBSAMPLE EQUATION SETS
(Percent. by which actunl cost exceeds (+)
or falls short of (~) estimater cost)

Sum of Elemonts Total Program ('ER

All-Miaslon  Fighter All-Mission Fighter

Aircraft Sample  Sample  Sample  Sample
F-4 ~14 - b - 18 -4
1 + 3 + 8 + 7 + 7
F-14 -2 =17 -0 - 186
P16 ~15 -1 oy +
16 -2 =33 =20 23
P18 -3 +18 -6 442
Average of ubsolute values 18 13 17 13
Number underestimatad (+) 2 2 e 9
Number overestimated (=) 4 [ 4 !

However, for the remaining fighters, all of which are h~:>inr and faster
than the F-16 and F-18, the all-mission type equatio'. +. - ' onds to pro-
duce greater estitnates:

Percent by Which All-Mission Set
Estimate fixceods Fighter Set Estimate

Sum of Total
Alrcraft  Elementa Program CER
F-4 2 11
111 4 i
F-14 4
F-1b 16 13

Exactly which equation set will provide the higher estimate in any
given situation depends on a number of factors, including the aircraft’s
asbeolute weights (airframe unit and empty) and speed, and also the
relative difference in its empty weight and airframe unit weight. In
general, however, it appears that the all-mission-type equation set will
produce higher estimates for relatively heavy, fast fizhters, while the
fighter equation set will produce higher nstimates for relatively light,
“ulow” fighters.
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VII. BOMBER/TRANSPORT RESULTS

RECOMMENDED SET OF CERs

We were not able to identily any acceptable estimating relationships
for any of the individual cost elements or for total program cost.! We
helieve this failure can be attributed to three factors:

1. Lack of variation in performance variables,
2. The distribution of aireraft with respect to size.
3. The heterogeneity of the sample,

Lack of Variation in Performance Variables, Common sense
suggested that the B-68 did not belong in the bomber/transport sam-
ple. It is a relatively small, supersonic aircraft, while the remaining
bombers and transports are relatively large and subsonic. Further-
more, the data plots, especially the engineering, meterial, development
support, and total program cost plots, showed the B-58 to be considera-
bly more expensive on a per pound basis than the other
bomber/transport aircraft, Consequently, we excluded the B-58 from
our analysis of the homber/transport sample, As a result, most of the
variation in the principal performance measures (speed and climb rate)
was lost,

Distribution of Aircraft with Respect to Size. Becuuse they
are at the extremes of the bomber/transport sainple with respect to
size, the B/RB-G6 and C-5 are identified as influential observations in
nearly every equation documented in Note N-2983/3-AF, This point is
easily visualized from Fig. 6. However, we did not feel that size alone
was A sufficient reason (or excluding the aireralt from the analysis,
Fuethermore, any attempts (o develop simple scaling relationships
without the B/RB-66 and C-5 are likely to prove futile, since four of
the five remaining aireraft (KC-1356, B-n2, C-133, and C-141) tend to
line up vertically with respect to weight (dashed box in I'ig. 6).

Heterogeneity of the Sample. [n addition (o being small, the
sample is not as homogeneous as it appears at first. glanee:

o The C-130 and C-133 are propeller-driven aireendt.

e The B/RB-66 and KC-135 were evolutionury developments,

fSee Note N-ZZRASAT, Adircraft Airframe Cost Fstimating Relationships: Hombers
aned Transports.
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Fig, 6--Typical bomber/transport plot pattern

o The B-B2 was into its fourth series (the “D" version) by the
time 100 aircraft had been produced.

e A very large proportion (approximately 50 percent) of C-141
costs represent subcontract effort; this may have distorted the
distribution of equivalent in-plant cost (Ref. 2, p. 50).

o The C-6 program utilized the acquisition concepts of total pack-
age procurement and concurrent development and production,

Given this much diversity in such a small sample, it would have been
surprising if we had been able to develop a credible set of CERs.

CONSTRUCTION/PROGRAM VARIABLES

The construction/program variables proved to be of little help in
improving the quality of the bomber/transport CERs. Each of the
size/program and size/construction equations that met our initial
screening criterion with respect to variable significance had difficulties
that made it unacceptable.



VIII. ATTACK AIRCRAFT RESULTS

RECOMMENDED SET OF CERs

We were not able to identify any acceptable estimating relationships
for any of the individual cost elements,! We believe this failure can be
attributed to three factors:

1. Lack of variation in performance variables.
2. The distribution of aircraft with respect to size.
3. 'The heterogeneity of the sample,

Lack of Variation in Performance Variables. The speeds and
climb rates for all the sample aircraft except the A-B are clustered in
rather narrow ranges: 400- to 550-kn speed, and 5,000- to 8,000-f{/min
climb rate,

Distribution of Aircraft with Respect to Size. Because it is at
an extreme of the attack aitcraft sample with respect to size, the A-4 is
identified as an influential observation in nearly every equation docu-
mented in Note N-2283/4-AF. 'This point is easily seen in Fig, 7.
However, we did not feel that small size was sufficient renson for
excluding the A-4, Furthermote, any attempts to develop simple scal-
ing relationships without the A-4 would result in equations that show
extremely strong diseconomniies of scale, with respect to size.

Heterogeneity of the Sample. In addition to being small, the
sample is not as homogeneous as it appears at first glance:

o The A-5 is a Much 2 aircraft, while all the other sample aircrafi
are subsonic. Similarly, the A-5 elimb rate is uver twice that of
all other attack aircraft.

¢ The 8-3 places considerably more emphasis on electronics than
any of the other sample aircraft; this is reflected in its black
box count und its ratio of avionics weight to airframe unit
weight, both of which fall approximately two standard devia-
tions from the mean,

o The ;.-10 utilized the acquisition concepts of competitive proto-
typing and design-to-cost, In addition, it is the only aircraft in
the sample that is not carrier-capable and that does not have
swepl wings,

'See Note N-2284/4-AF, Aircraft Airframe Cost Estimating Relationship: Attack Alr-
craft.

i)




60 ALCRAFT AIRFRAME COST BSTIMATING RELATIONSHITS

{om
“ 6.6 —
?i @533
58
“ Ab®
fo
§q 0 A8
-1
5z
g § ® A1)
b AD®
é g 8.0 |-
.\‘
g%
s
3
1]
z A7
2 | e 1
8.5 Y 9.5 10,0

Natural logarlthm of alrframe unit weight

Fig. 7-Typical attack aircraft plot pattorn

o The A.7, although classified us a new design, evolved from the
F-8.

CONSTRUCTION/PROGRAM VARIABLES

The construction/program variables proved to be of little help in
improving the quality of the sttack aircraft CERs. Kach of the
size/program and size/construction equations that met our initial
screening criterion with respect to variable significance had difficulties
that made it unacceptable,




IX. CONCLUSIONS

DEVELOPMENT OF AN UPDATED SET
OF AIRFRAME CERs

The equation set that we feel is most generally applicable to and will
most accurately reflect the range of estimating situations likely to be
entountered in the future is the one presented in Table 15 (p. 45). It ia
based on a subsample of 13 post-1960 aircraft. We belisve that the
post-1960 experience is a better guide to the future than the full-
sample experience, which dates back to 1948,

Empty weights for the sample aircraft range {from under 10,000 1b to
over 300,000 b, while speeds range from 400 kn to over 1,250 kn. The
acouracy of the CERs in the recommended equation set (as measured
by the standard error of estimate) varies significantly. Four CERs
have standard errors of estimate of about 0.30, while three others have
standard errors of estimate of about 0.50 or greater. None of the equa-
tions meets our goal of 0.18. On the other hand, the lowest standard
errors of estimate in the set are associated with cost elements (tooling,
labor, and material) that typically account for 86 percent of total pro-
gram cost at & quantity of 100,

The ultimate test of the set's usefulness will be its capability to esti-
mate the vost of future aircraft. Unfortunately (from an estimating
point of view), airframes are changing dramatically with respect to
materiuls (8.g, more extensive use of composites), design concepts (e.g.,
concepts to increase fue! efficiency and to reduce radar cross section),
resources devoted to system integration (e.g, integration of
increasingly sophisticated electronics and armament into the airframe),
and manufacturing techniques {e.g., utilization of computers and
rohots), Although we do not have the data to demonstrate it, we feel
that the net effect of these changes will be to increase unit costs, In
other words, we see no danger that the recommended equation set will
overestimate the costs of future aircraft.

OTHER STUDY OBJECTIVES

In addition to attempting to develop an updated sel of airframe
CERs, this study examined in some detail the {ollowing possibilities tor
improving CER accuracy:

81
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o Stratifying the full estimating sample into subsamples
representing major differences in aircraft type.

s Incorporating variables describing program structure and air-
frame construction characteristics.

o For the fighter aircraft only, incorporating an objective technol-
ogy index into the equations,

With respect to sample stratification, we examined subsamples
based on mission designation—fighter, bomber/transport, and attack,
We conclude that this approach offers no particular advantage: We
were not able to identify any acceptable estimating relationships for
either the bomber/transport or the attack aircraft subsamples. We
believe this is attributable to the small number of aircraft in these sub-
samples plus the fact that the subsamples are not nearly as homogene-
ous as the mission designations might suggest. For the fighter subsam-
ple, weight-scaling relationships were developed for each cosi element
based on six post-1960 fighters (the F-4, F-111, F-14, F-15, F-18, and
F-18).! In general, this set of equations will produce larger estimates
than the all-mission type equation set for relatively light, “slow”
fighters (e.g., the F-18 and F.18) and smaller estimates for relatively
heavy, fast fighters (e.g.,, the F-14, F-111, F-14, and F-15), However,
using the average absolute rolative deviations of the six post-1960
fighters as a basis, we found that the fighter equation set was only
slightly more accurate than the all-mission type set despite the focused
database,

We also conclude that the incorporation of variables describing pro-
gram characteristics and airframe construction characteristics does not
improve the overall quality of the equation sets. Although variables
characterizing the level of system integration were frequently found to
be statistically significant, they did not, as a rule, result in any sub-
stantial improvement in the quality of the equations. In most cases,
the equations incorporating such variables did not produce results that
we viewed as credible. Moreover, even in those few instancoes where
the equations did produce credible results, the reduction in the stan-
dard error of estimate was never more than two or three percentage
points,

Finally, attempts to incorporate an objective techinology index into
the fighter estimating relationships were unsuccessful,

18ee T'able 21 in See. VI
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USE OF RESULTS

The following potentially useful information is presented in this
report and its supporting Notes:

¢ Recommended equation sets.

¢ Plots of cost versus airframe unit weight for each cost eloment.

o All alternative equations meeting our initial screening criterion
with respect to variable significance.

We have presented extensivi documentation to assist the analyst in
deciding on an appropriate ccurse of action. Although we have selected
recommended equation sets, the ultimate responsibility for their appli-
cation rests with the user, who should review all of the results before
selecting equations for a particular situation.

Equation Sets

Recommended sets of CERs have been provided for military aircraft
airframes in general and fighter airframes specifically. These squation
sets may be used as is, or they may be tailored to fit specific cir-
cumstances (i.e, adjustment of initial coefficient). However, even
when the sets are used as is, analysts should ensure that the charac-
teristics of the proposed aircraft fall within the range of the database
and that the aircraft does not possess any other features (i.e., non-
database characteristics) thut may set it apart.

It is suggested that f{ighters that fall within the limited range of
applicability of the fighter vquation set be run through both the sub-
sample set and the full set. Although we were unable to develop any
compelling justification for its use, we did determine that the fighter
equation set generally produces higher estimates for lighter, “slower”
fighters than does the full estieting sample wet, and lower estimates
for heavier, faster fighters. Consequently, we believe that the fighter
set should be viewed as a complement to the full eatimating sample set,
Once the applications have been made, the results of the two models
can be contrasted, an ' only if there is a significant difference in the
results will the analyst nesd to address the question of which estimate
to use. Even then, that decision will probably be based largely on per-
sonal preference. [or example, it there is more concern with the
potential adverse effects of underestimation than with those of overes-
timation, more weight will clearly be given to the higher of the two
estimates,
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Data Plots

The data plots in Appendix A and the supporting Notes can be used
to eatimate the costs of proposed aircraft by analogy.

Alternative Equations

Each supporting Note contains summary tables, by cost element, of
all eatimating relatioriships meeting our initial screening criterion (i.e,,
each variable is significant at the 5 percent level). It is entirely possi-
ble that in some situations one of the alternative equations may be
more appropriate than the recommended one.

FUTURE WORK

No study of the type described here ia ever complete. One analysia
leads to another ad Infinitum, until at some point it is necensary to
oall a halt, present the results, and go on to something else, We have
gone down A number of paths suggested by persons inside and out-
side of RAND and found that most terminate in a cul-de-sac, None
of the many independent variables considered offers much hope of
lmprgxing the reliability of estimates obtalned using only weight and
speed,

Intereatingly, this was the conclusion reached by ths analysts who
developed the pravious set of RAND airframe CERs, and it is equally
applicable now.

With respect to future airframe CER efforts, there may be some as-
yet-untested variables that will help to improve equation accuracy.
Variables that reflect differences in airframe design concepts, materials
composition, manufacturing methods, contractor capability, and the
system integration effort appear to show the most promise. However,
developing unambiguous measures for these characteristica and collect-
ing the necessary data will be a major effort. And if such definition
and collection efforts are not expected to be successful,” there is pro-
hably little merit in undertaking future studies of this type. We say
this for two reasons: First, over 80 percent of the aircraft designs in
the RAND estitnating sample are nhow more than 25 vears old, and
only about 10 percent are less than 15 years old, Sccond, new airframe

Ret. 1, . B,

We admit to skepticiom on two counts. First, we doubt that funds would ever be
mnde availabla to attempt such an undertaking, Second, we think it i problematie
whiether enough data could bo collected for varinbles sich s those deseribed to do n
vredible slatintical analysis at any price
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starts have slowed down dramatically (only two new airframe designs
have entered operational service since 1974—the F-16 and the
F-18).* Thus, if analysts cannot account for technological and system-
integration differences between the older and newer aircraft in the
sample, the relevant (i.e., technologically similar) estimating sample is
probably going to be too small to permit any type of statistical
analysis,

Furthermors, we were able to readily identify only two new airframe designs on the
immadiate horizon—-the C-17 and the ATB (Advanced Technology Bomber)—unless we
include the possibility of the F-18 (see Ref. 32, p. 7; Ref. 33, p. 11; and Ref. 34, p. 39) in
which case there are three. In the longer run, only the ATA (Advanced Tactical Attack
alroraft) and the ATF (Advanced Tactical Fighter) are readily apparent. Interestingly, a
briet review of ongolng and recently concluded Air Force and Navy aircraft procurement
indicates that a fair number of aircraft programs have used existing or modified air-
frames: the AV-8A, AV.8B, B-1B, C-6B, E-3, E-4, EF-111, KC-10, and TR-1,




Appendix A

COST ELEMENT DEFINITIONS AND DATA
PLOTS

Work breakdown structure (WBS) categories included in the RAND
airframe cost structure are shown in Table A.1.' A matrix mapping
contractor cost-data reporting (CCDR) categories® and relevant WBS
categories into specific RAND airframe cost elements is provided in
Table A.2.

DEFINITIONS
Engineering

In general, the engineering cost element encompasses the hours
expended in the study, analysis, design, development, evaluation, and
redesign of the basic airframe as well as the system engineering and
project management efforts undertaken by the prime contractor, More
specifically, it includes engineering for design studies and integration;
for wind-tunnel models, drop model, mockups, and propulsion-system
tests; for laboratory testing of components, subaystems, and atatic and
fatigue articles; for preparation and maintenance of drawings and pro-
cess and materials specifications; and for reliability. Also included are
the hours expended for the sustaining engineering function (through
the stated quantity). The sustaining function covers such things as
customer support/lisison, identifying ways to correct operationally
revealed deficiencies, and suggesting possible system improvements,
Engineering hours not directly attributable to the airframe itsell (those
charged to ground-handling equipment, spares, and training equip-
ment) are not included, Engineering hours expended as part of the
tool and production-planning function are included with the cost ele-
ment tooling; those expended as part of the flight-test planning and
evaluation effort are included in the flight-test cost element. Material,
purchased parts, und test equipment required to accomplish the
engineering function are assumed to be included in the fully burdened
engineering labor rate,

'Seo MI{,-8TD-881, Work Hreakdown Structure for Defense Materiol 1tom,
“8es AFLCP 800-15, Contractor Cost Data Reporting System,
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Table A,1
WBS CATEGORIES INCLUDED IN RAND
AIRFRAME COST ELEMRENTS
W8S Category Included?

Alr vehicle

Airframe* Yo»

Propulsion® No

Avionica® No

Armament,/weapon delivery® Ne
Training No
Pecullar support equipment N
Systems teat and evaluation

Development teat “Yeu

Technical avaluation Yen

Operational evaluation You

Mookupa Yea

Tost facilities Yes

Other 8T&E Yes
Syatem/project management Yen
Data

Engineering/managemont data You

ILR data (tech orders and manuuls) No
Operational/uite activation No
Common support equipment No
Industrial facllitivs No
Initied spares and ropuirparts  ~ No

*The term airframe refers to the assembled
structural and aerodynamic components of the
air vehicle that support subsystems essentlal to a
particular mission. It Includes, for example, the
basle structure (wing, empennage, fuselage, and
ansociated manual flight control nysteimn), the air
Induction system, starters, exhausts, the fuel con-
trol aystem, Inlet control system, alighting gear
(tires, tubes, wheels, birakes, hydraulics, etc.), sec-
ondary power, furnishings (cargo, pnssenger,
troop, ete.), engine controls, Inatrurnents (flight
navigation, engine, stc.), environmental control,
racks, mounts, and intersystem cables nnd distri-
bution boxes, etc,, which ars inherent o and
inseparable from the assembled structure,
dynamic systems, and other equipment homo-
geneous to the airframe. All offorta directly
reiated to propulsion, avionics, and armament are
excluded,

"Installation of the propulsion, avionics, and
armament subsyatems {8 acounted for in the air-
frame category; the design integration effort is
included in system/projuet munagement; and
some testing I8 Included ln system test and
evaluation,
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Tooling

Tooling refers only to those tools designed for use on a specific pro-
gram, i.e., assembly tools, dies, jigs, fixtures, master forms, gauges, han-
dling equipment, load bars, work platforms, and test and checkout
squipment. General-purpose tools such as milling machines, presses,
routers, and lathes (except for the cutting instruments) are considered
capital equipment. If such equipment is owned by the contractor
(much of it is government-owned), an allowance for depreciation is
included in the overhead account. Tooling hours include all effort
expended in tool and production planning, design, fabrication, assem-
bly, installation, modification, maintenance, and rework, and program-
ming and preparation of tapes for numerically controlled! machines.
The cost of the material used in the manufacture of the dies, jigs, fix-
tures, etc,, is assumed to be included in the fully burdened tooling labor

rate.

Manufaocturing Labor

Manufaocturing labor is all the direct labor necessary to machine,
process, fabricate, and assomble the major structure of an aircraft and
to install purchased parts and equipment, engines, avionics, and ord-
nance items, whether contractor-furnished or pgovernment-furnished.
Manufacturing man-hours include the labor component of off-site
manufactured assemblies and effort on those parts which, because of
their configuration or weight characteristivs, are design-controlled for
the basic aircraft, These parts normally represent significant propor-
tions of airframe welght and of the manufacturing effort and are
included regardless of their method of acquisition. Such parts apecifi-
cally include actuating hydraulic cylinders, radomes, canopies, ducts,
passenger and crewseats, and fixed external tanks. Man-hours required
to fabricate purchased parts und materials are excluded from the cost
element. Nonrecurring labor undertaken in support of engineering
during the development phase is included in the development suppuort
cost element,

Manufacturing Material

Manufacturing material includes raw and semitabricated materinls
plus purchirred parts (standard hardware items such as electrical (it-
tings, valves, and hydraulic fixtures) uses in the menufacture of the
airframe. This category also includes purchused equipment, i.e., items
such as motors, generators, batteries, landing gear, air conditioning
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equipment, instruments, and hydraulic and pneumatic pumps, whether
procured by the contractor or furnished by the government. Where
such equipment is designed specifically for a particular aircraft, it is
considered as subcontracted, not as purchased equipment, and is there-
fore included in the manufucturing labor cost element. Nonrecurring
material 1sed in support of engineering during the development phase
is included in the developinent-support cost element.

Development Support

Development support is the nonrecurring manufacturing effort
undertaken in support of engineering during the development phase of
an aircraft program. I¢ is intended to include the man-hours and
material required to produce mockups, models, test paris, static test
items, and other hardware items (excluding complete flight-test air-
craft) needed for airframe development,.

Flight Test

Flight test includen all coste incurred by th: “ontractor in the con-
duct of flight testing except production of the test aircraft. Engineer-
ing planning, data reduction, manufacturing support, instrumentation,
al' other materials, fuel snd oil, pilot’s pay, facilities, rental, and
insurance costs are included. Flight-test costs incurred by the Air
Force, Army, or Navy are excluded.

Quality Control

Quality control refers to the hours expended to ensure that
prescribed atandards are met. 1t includes such tasks as receiving
inspection; in-process and final inspection of tools, paris, subassem-
blies, and complete assemblies; and relisbility testing and failure-report
reviewing. The preparation of reports relating to these tasks is con-
siderea direct quality-control effort.

Total Program Cost

Total program cost is the sum of the seven preceding cost elements.
Engineering, tooling, manufacturing labor, und quality-control hours
for each sircraft prograin were onverted to 1977 dollars using the fol-
lowing industry-average ccmposite hourly rates:
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Hourly
Element Rate (%)
Enginesring 27,50
Tooling. 25.50
Manufacturing labor 23,60
Quality control 24.00

These composite rates include direct labor, overhead, general and
administrative expense, and miscellaneous direct charges (travel, per
diem, etc.), and in the case of engineering and tooling, material costs as
well. Fee is not included.

DATA PLOTS

Plots of cost per pound as a function of airframe unit weight are
provided in Figs. A.1 through A.8 for engineering, tooling, manufactur-
ing labor, manufacturing material, development support, flight test,
quality control, and total program cost, respectively. The F-18 and
F-18 are not shown because of proprietary restrictiona,
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Natural logarithm of tooling hours per pound

of airframe unit weight (CA at Q = 100)
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Appendix B

EXPLANATORY VARIABLE DEF"NITIONS AND
VALUES

SIZE

Airframe Unit Weight: Empty weight (in pounds at Q = 100) minus
wheels, brakes, tires, and tubes; main and auxiliary engines; rubber or
nylon fuei cells; main and auxiliary starters; propellers; auxiliary
powerplant unit; instruments; batterles and electrical power supply and
conversion; avionics group; turrets and power-operated mounts; air
conditioning, anti-icing and pressurization units and fluids; cameras
and optical viewfinders; trapped fuel and oil.

Empty Weight: The weight of the aircraft (in pounds) with no fuel,
ordnance, or crew aboard.

Wetted Area: Total surface area of aircraft (in square feet).

TECHNICAL/PERFORMANCE

Muximum Speed: Maximum speed, in knots, at any altitude.

Speed Class:  Categorical variable signifying whether maximum
speed is less than M (.95 (=1), greater than or equal to M 0.95 bhut less
than M 1.94 (=2); greater than or equal to M 1.95 but less than M 2.6
(m3); or greater than vr equal to M 2.5 (=4).

Specific  Power (fighters only): The product of the maximum
installed sea-level static thrust and the muximum velocity divided by
the combat weight, expressed in units of horsepower per pound. The
conversion factor to go from pound-knots per pound to horsepower per
pound is 0.00307 (1 kn = 101.34 ft/min, and 1 hp = 33,000 ft-lb/min),

Maximum Specific Energy (fighters only): 'The maximum value (in
feet) of the sum of kinetic and potential energy the aircraft. develops in
1-g level flight divided by the combal weight.

Climb Rate; The maximum rote of climb ut sea level in feet/minute.

Maximum Sustained Loud Factor (fighters only): The maximum lond
factor (in g's) the aircraft can sustain in level flight st an altitude of
25,000 ft, at Mach 0.8 at its combat, weight,

Hi
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Breguet Range Factor (fighters only): The maximum value (in nauti-
cal miles) of the product of the average cruise speed and lift-to-drag
ratio divided by the specific fuel consumption (the coefficient of the
logarithmic term of the Breguet range equation).

Useful Load Fraction: The difference between maximum gross
weight and empty weight, divided by maximum gross weight.

Predicted First Flight Date (fighters only): First flight date measured
in months since January 1, 1940, as estimated by the technology index
equation for new designe described in Sec, 1.

CONSTRUCTION

Design Ultimate Load Factor: The maximum load factor (in g's) the
aircraft is designed to withetand at the stress design weight without
structural fallure,

Structural Efficiency Factor (fighters only): The structure weight
divided by the product of the atress design weight and the design ulti-
mate load factor.

Carrier Capability Designator: A categorical variable signifying
whether the aircrafl is carrier capable (=2) or not (=1).

Engine Location Designator: A categorical variable signifying
whether engines are embedded in the fuselage (wl) or located in
nacelles under the wing (=2),

Wing Thpe Designator: A categorical variable signifying straight
wing (wl), swept wing (=2), delta winy (=3), or variable-sweep wing
(=4).

Ratio of Wing Arca to Wetted Area' 'The ratio of the referonce aren
of the wing to the total surface area of the aircraft.

Ratio of Quantity (Empty Weight Minus Airframe Unit Weight) to
Airframe Urit Weight: 'The empty weight and airframe unil weight as
previously defined.

Ratio of Avionics Weight to Airframe Unit Weight: 'The ratio of total
avionice-suite weight (installed) to airframe unit weight.

Number of Black Boxes: The number of identifiable electronics
items in communication, navigation, identification, fire control, ECM,
and data processing functions. See See, 11 for additional explunation,




EXPLANATORY VARIABLE DEFINITIONS AND VALUBS 3]

PROGRAM

Number of Test Aircraft: The number of test aircraft used in the
flight-teat program.

Maximum Tooling Capability: The maximum monthly tooling rate
for the program. The maximum tooling rate is defined as the rate
achievable with the tools that were on hand, operating with (1) a first
shift, (2) a second, "swing” shift, consisting of a full complement of
production workers and necessary supervisory staff, and (3) a third
shift, “as required” for certain production operations and for repair and
maintenance of the tooling.

New Engine Designutor: A categorical variable signifying whether
airframe incorporated a new engine (=2) or not (=1). See Sec, II for
additional explanation.

Contractor Experience Designator. A categorical variable signifying
whether the company that developed and produced the subject aircraft
had recent experience in developing and producing the same mission-
type aircraft (=1) or not (=2)., See Sec. II for additional explanation.

Weapon System Designator (fighters only): A categorical variable
signifying whether the aircraft was developed with emphasis on mis-
siles and sophisticated fire control systems {w2) or gun armament (=1).
See Sec, II for additional explanation,

Program-Type Designator: A categorical variable signifying the type
of development program, prototype (=2) or concurreni (=1). A proto-
type program is one in which the first lot consists of three aircraft or
less. See Sec. 1] for additional explanation,

Explanatory-variable values are presented in Tables B.1, 1.2, and
B.3. Primary data sources were official Air Force aircraft and propul-
sion characteristic summaries and Refs. 17 and 24 through 30,
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EXPLANATORY VARIABLE DEFINITIONS AND VALUES

Table B.2

EXPLANATORY VARIABLE VALUES: CONSTRUCTION

ah

Design Carrier Engine Ratlo of Ratio of

Ultimate  Structural Capability Location Wing Area  Ratioof  Avionics

Lond  Efficlency  Dealg- Denige Wing  to Wetted (EW.AUW)  Weight

Alireraft  Factor Fuctor nator nator  'T'ype* Aren to AUW {0 AUW
A3 6.00 X 2 2 2 200 B0 086
A4 10.50 X 2 1 2 227 80 {84
Ab 11,00 X P] 1 2 237 A9 A10
A8 9,18 X P 1 2 261 AR 170
A 10,60 X 2 1 P 222 43 050
A0 4,91 X 1 2 1 206 A4 041
B.52 3,00 X )| P 2 240 .68 070
B.58 300 X 1 2 k1 284 0 (c)
B/RB «6 4.80 X i 2 2 A8 A0 092
CH A X i 2 2 201 Ab 017
C130 A X i ] i 200 W4 085
C143 BNi) X L 2 1 200 A9 021
KC-138 478 X 1 2 2 226 8 {e)
C-141 376 X 1 2 2 228 Al 023
FiD 8.00 0468 2 1 1 218 A7 148
Pl 11.26 0372 2 1 3 272 5] 080
F41) 9.560 0438 4 i i} A B4 216
F.4 1270 0201 2 | 2 W47 80 101
F.14 (h) (b} 2 | 4 179 2] A1
|80 ] 11.00 (21 1 1 2 200 51 {80
F.i8 (v) RiPe4 | | 2 216 A7 {e)
F.18 (c) (¢} 2 ! 2 () 26 {c)
F.80 11.00 128 1 1 2 260 48 108
F.88 8.580 0489 1 1 i (e) 32 ()
F100 11.00 0308 1 1 2 266 i1 018
F-101 11,00 0240 1 1 2 179 B4 016
F.102 10,60 0333 1 1 Ki A0b .H8 184
F.104 11,00 0336 1 1 3 482 Al 076
F- 108 14,00 L0383 i 1 2 83 21 074
F.108 10.60 RIXPL) 1 1 3 A2 O 180
F.td 11.00 0340 1 1 4 208 39 (81
8- 5.20 X 2 b4 2 220 44 220
T.38 11.00 X 1 1 2 () M (e}
1100 X 1 2 2 (e} (e}

OTE: X = values vollected for fighters anly,

1 = atrulght; 2 = swept; 3 = delia; 4 = variable sweep,
SClannifed.

“Nut availnble,

bli}
(c)

(c)
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Table B.3
EXPLANATORY VARIABLE VALUES: PROGRAM

No. of Maximum Contractor Weapon Program
Test Tooling New Engine Experisnce  System Type
Aircraft Aircraft Capability Designator Designator Designator Designator
A-3 > 8 1 2 X 2
A-4 ] 40 1 1 X 2
A-B 11 6 1 2 X 1
A-8 8 8 2 2 X 1
A7 7 24 1 1 X 1
A-10 8 18 1 2 X 2
B-62 13 10 2 1 X 2
B-68 a0 8 2 2 X 1
B/RB-68 14 10 2 1 X 1
C.5 10 2 2 1 X 1
C-130 ] 18 2 2 X 2
C.133 10 2 2 1 X 1
KC-135 B 15 1 1 X “
C-141 B 9 1 1 X 1
FaD 13 20 1 2 1 2
F3H 18 13 2 1 1 2
F4D 13 20 2 1 1 2
F4 7 156 1 1 2 1
F-14 12 8 1 1 2 1
F-156 20 12 2 1 2 1
F-18 10 (a) 1 2 2 2
P18 13 (a) 2 1 2 2
F-88 12 30 2 1 1 2
F-89 8 26 1 2 1 2
F-100 13 60 1 1 1 2
F-101 17 20 1 1 1 1
F-102 31 45 1 2 2 1
F-104 19 20 2 l 1 2
F-106 16 17 2 1 2 1
F-108 26 29 1 1 2 1
F111 18 21 2 2 2 1
8-3 8 b 2 2 X 1
T-38 14 24 1 2 X 2
T-39 4 i} 2 1 X 2

NOTE: X = values collected for fighters only.
*Not available.



Appendix C

DAPCA-III ESTIMATING RELATIONSHIPS

The previous set of RAND airframe CERs (DAPCA-III), docu-
mented in Ref. 3, is summarized in Table C.1.

Table C.1
DAMCA-III ESTIMATING RELATIONSHIPA*

Statistics
Estimating Relationship R SEE F N
ENGR,y = 0234 AUWSES, SPSS, 80 .26 28 9
TOOL, - 472 AUWSR, SP(¥h, g1 41 27 2
LABR,y -~ .353 AUW/S, SP/), 85 B4 62 2B
MATLyy, = 0783 AUWS, SP, 86 .36 67 26
DS ~ (000626 AUW®® gplily B3 72 12 24
- +(.0000354 AUWZL SP{32,) 68 66 23 24
FT - 102 AUWS, SPER, TESTACTY, CARGODV\{f 81 44 21 28
QCypp = .085 x LABR,qy if cargo — = - =
- 12 x LABR;y if noncargo —_ - = =
PROG,q - 6.22 AUW/E, SP, 88 27 719 24

*All cost elements estimatad directly in dollars have been converted to 1977 levels
by adjusting the initial coefficient.

¥Pout-19567 aircraft excluding A-7, KC-135, and T-39,

*Labor component of development support.

YMaterial component of development support,

87



o —

Appendix D

COST-QUANTITY SLOPES AND LABOR RATES

COST-QUANTITY SLOPES

Minimum, maximum, and average cost-quantity slopes for the full
estimating sample are shown in Table D.1. A comparison of slopes hy
mission type is provided in Table D.2. With two exceptions (the
attack aircraft material slope and the fighter quality-control slope), the
slopes show little deviation about the full sample averages. However,
even changes in slope as small us 1 perce. tage point can have a major
effect on cost. The extent of this effect will of course vary with the
quantity and the slope magnituds, but for a run of 700 aircraft, a 1 per-
centage point increase in the slope will usually increase total costs by
at least 10 percent,.

Table D.1

CUMULATIVE TOTAL COST-QUANTITY SLOPES*
(In percent)

Mfg. Mfg. Quality  Total
Engineering Tooling Labor Material Control Program

e ftem Hours Hours  Hours Cost Hours Cost
No. of beervations 34 34 34 34 22 34
Range 106-132 108-168 140-182 140-200 126-234 124-144
Average 114 122 154 172 168 134
Exponent 0.189 0,287 0.624 0.782 0.6680 0.422

‘Based on first 200 units; cumulative average slope « cumulative total slope
divided by two,

Table D.2

CUMULATIVE TOTAL COST-QUANTITY SLOPES, BY MISSION TYPE
(In percent)

Mfg. Mfg.  Quality Total
Engineering Tooling Labor Materlal Control Program

Sample . Hours Hours Hours  Cost Hours Cost
Total (34) 114 122 164 172 158 134
Attack (7) 110 122 164 180 154 134
Bomber/Transport (8) 116 118 164 170 1562 138
Fighter (17) 118 124 156 172 170 132
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[ gince the estimating relationships in the recommended equation set
Table 15) are based on a sample limited to posat-1960 aircraft, average
slopes for the post-1960 sample are alao determined and compared with

the full sample:;
(\ ‘ Full
| All-Mlission Post-1960 Ali-Mission
Sample Sample (13 aircruft)
(34 aircrat) —————— -
Cost Element Slope (%) Slope (%) Exponent
Engineering 114 112 163
Tooling 122 120 .263
! Manufacturing lahor 154 158 0641
Manufacturing material 172 174 169
! Quality control 188 168 841
} Total program cost 134 132 401
. As indicated, the differences are slight and hardly a basis for drawing

any conclusions about temporal changes. However, in the interest of
consistency, the slopes based on the post-1960 sample are suggested for

~‘ use with the recommended equation set.
Similarly, for the fighter equation set (Table 21), the slopes based on

’ the more limited post-1960 sample are also suggested:
1
1

Full Fighter  Post-1960 Fighter
Sample Sample (6 alrcraft)

} (17 siroraft)

| Cost Element Slope (%) Slope (%) Exponent

’ Engineering 116 112 163

) Tooling 124 120 .263
Manufacturing labor 156 158 880
Manufacturing material 172 166 31
Quality control 170 164 714
Total program cost 132 128 ,366

FULLY BURDENED LABOR RATES

All cost elements estimated directly in dollars are in 1977 dollars.
Suggested 1977 fully burdened labor rates (and those used to estimate

total program cost) are:

Engineering . ...... 27.50
Tooling +.ooovv v 25,50
Manufacturing labor . . 23.50
Quality control . ..., 24.00
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For estimates in 1986 dollars, the following labor rates and adjust-
ment factore are suggested:

Engineering, $/hr . ... . ., v+ 69,10
Tooling, $/hr . ... vy 60,70
Manufacturing labor, $/hr ., . 50.10
Quality control, $/hr . ., ., .. 56.40

Maenufacturing material (index) .1.94
Development support (index) . 1.94
Flight test (index) ........ 194
Total program cost (Index) ... 2,13

The 1986 labor rates are based on data provided by seven contractors:

Hourly Rates ($)

Range About
Labor Category Average Range Average (%)

Engineering 69,10  47.70~70,00 -19, +18
Tooling 60.70  56,60-86.00 -7, 417
Mfg. labor 50,10  41.70-88.00 -17, +1A

Quality control 6540  49,10-62.60  -11, +13

Note that with the exception of tooling, the range about the average
rate is at least +10 percent, This range could arise from differences in
accounting practices, business bases, or capital investment. Irrespec-
tive of cause, however, labor-rate variation is yne more component of a
larger uncertainty which already includes the error associated with sta-
tistically derived estimating relationships and questions about the
proper cost-quantity slope. Furthermore, in addition to the intercon-
tractor differences, these rates are also subject to temporal change—
accounting procedures, relative capital/labor ratios, etc. Thus, the
1986 fully burdened rate is qualitatively different from the 1977 rate.
Unfortunately, trying to estimate the magnitude of such quality
changes, even very crudely, is a study iu itself and beyond the scope of
this analysis.

The material, development support, and flight-teat escalation
indexes are based on data provided in AFR 173-13.! For 1977-1984, the
airframe index presented in Table 5-3 (Historical Aircraft Component
Inflation Indices) of AFR 173-13 was used, For 1985 and 1986, the air-
craft and missile procurement index presented in Table 5-2 (USAF
Weighted Inflation Indices Based on OSD Raw Inflation and Qutlay

ISee Ref, 3b.
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Rates) was used. The total program cost adjustment fr:tor w.& *.en
determined on the basis of a weighted average (at Q = 100) .- *he inui-
vidual cost elements,
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